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Millimeter Wave Scotter and Attenuation
Measurements on Snow Slabs

1. INTRODUCTION

Millimeter wave component technology has advanced to a state where a large

number of military system applications are coming under, consideration. The ad-

vantages of small size, high antenna-beam resolution, and large bandwidth are

widely recognized, particularly onboard space-limited aircraft and missiles. Propa-

gation phenomena such as high attenuation in the molecular resonance bands and in

heavy precipitation are not a problem in many tactical applications. In fact, covert-

ness beyond the intended operational range is considered an advantage in many

cases. Imaging, ranging, and homing millimeter wave sensors interact with natural

backgrounds. It has been found that old granular snow covering the ground can have

unusually strong reflective properties at millimeter wavelengths. The implications

of a high reflectivity of metamorphic snow must be of concern to military-system

designers.

A recent survey by Suits and Guenther on the scattering of natural backgrounds

in the millimeter wave region showed only limited data in the present literature.

Measurements at shorter wavelengths, on old granular snow in particular, arc

scarce or non-existent. A further drawback on snow measurements quite often is

(Received for publication 17 September 1981)

I. Suits, G. H., and Guenther, 13. D. (1978) Targets and Backgrounds, U.S. Army
MIRADCOM. Tech. Rep. T-78-71.
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the lack of an adequate description of the meteorological conditions and snow corn-

position under which the scatter data were obtained.

The Lniversitv of Kansas has reported on snow backscatter measurements,

Conducted in the winter of 1975 over the frequency range I to 18 GlIz. During

February and March of 1977 further measurements 
3 4 of snow backscatter in

Colorado extended the frequency range to include I to 18 GHz and 35 GHz. Data

were acquired at numerous frequencies, polarizations, and grazing angles for a

variety of carefully observed snow conditions. ElLerbruch et al5 at the National

Bureau of Standards have used frequencies between 0.5 and 18 GHz to probe the

stratigraphy of snow based on backscatter techniques. Antennas mounted directly

above the snow detected reflections from depths up to 4 n) depending on frequency.

Hoekstra and Spanogle 6 determined the scattering from snow in New Hampshire

at low grazing angles for 10 and 35 (Hz. Prompted bv earlier ionevwell findings

of snow effects on experimental millimeter wave sensors, the Georgia Institute of

Technology conducted measurements 7
,

8 
at 35 and 95 GHz, again in Colorado during

the later winter of 1975/76. Despite limitations in the experiment, evidence was

found of some of the peculiarities of metamorphic snow at millimeter wavelengths:

its ability to produce strong scattering in the frozen state, the existence of changes

in reflectivity associated with the diurnal melt-freeze cycle, and the high attenua-

tion of signals passing through snow, suggesting that scattering is a near-surface

effect. Ulaby et at 9 have published a state-of-the-art review of the microwave
10.

backscatter and emission behavior of snow. Trebits et al in another review of

millimeter wave background scatter compare snow data obtained by the University

of Kansas and the Georgia Institute of Technology. They point out that a substantial

increase in snow reflectivity has been observed when going from 10 to 35 GHz.

In order to better understand these phenomena, and to obtain quantitative data

at 35, 98, and 140 GHz, the Propagation Branch at RADC has conducted a measure-

ment program during the winter of 1977/78 and investigated backscatter, bistatic

scatter, and attenuation characteristics of metamorphic snow at these frequencies.

2. SCOPE OF MEASUREMENT PROGRAM

A choice had to be made with regard to the frequencies at which to obtain data.

Component technology and hence exploratory system development is most advanced

in the 35-GHz region and to a slightly lesser extent in the 94-GHz region. Tile

status of 140 GHz and higher-frequency technology must still be considered

(Due to the large number of references cited above, they will not be listed here.
See References, page 73.)
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experimental. Based on the current need to establish the tradeoffs between 35-GHz

and 94-GHz systems, and a possible requirement for 140-GHz data in the near

future, the determination was made to derive comparative data at these three fre-

quencies.

In many of the prospective applications of millimeter waves, imaging of natural

backgrounds or of man-made targets against natural backgrounds plays an important

role. Imaging or target-to-background studies involve complexities that would

distract from a study of basic millimeter-wave/snow interaction. No effort was

undertaken during the present phase of the program other than the direct measure-

ment of snow scatter and attenuation parameters.

2.1 The Scatterometer-Transnissometer

During the planning stages of the experiment it becanit obvious that sUitablc

commercially developed eq uipment was unavailable to IRADt. The decision was

made to design and construct short-range scatterometers in-house which would

permit the measurement of backscatter coefficients and bistatic scatter coeffi-

cients as well as attenuation coefficients on samples of metamorphic snow,

removed from natural snow surfaces. In later stages of metamorphism, this

can be accomplished without disturbing the snow in a noticeable way. The

main objectives in the equipment design were: (a) flexibility in measuring

a wide range of propagation parameters on snow, (b) ruggedness for operati on

in the field, and (c) tile use of components available in-house to accelerate equip-

nient const,'uction in order to perform measurements during the winter 1977/,.

Staindard gain horn antennas for transmissio and i(reception ait the three fre-

qucncie-s permit far-field measurements at ranges of I mi with :3-dB beam dianwtcrs

of app roxiniately 0. 24 m. This, combined with the fact that old granular snku lizs

sufficient rigidity to permit the removal of large frozen slabs from the ground, Icd

to the development of ai sample nasurement technique incorporated in the equip-

ment shown in Figure 1. A sled-like platform was constructed from plywood with

metal-underlaid runners to permit easy movement on snow. A double wooden boom

is rigidly attached to the platform, extending upward at 45 deg. At its upper end,

this boom carries a wooden basket to hold a snow sample of 0.76 m length and

0. 56 ni width. The sample holder rotates around a hori:ontal axis. A double wooden

boom extension pivots around the same axis. )n tile end crossncniber of the boonin

extension the receivers are mounted. The transmitters are located on a cross-

member at the lower end of the rigid boom near the sled platform. Both the trans-

mitting and receiving antennas are pointing at the common axis of rotation and hence

at the center of the snow sample. This is independent of the angular position of the

snow surface relative to the transmitter and receiver antenna directions. In

11



the configuration shown, the transmitter-target- receiver geometry approaches that

for backscatter. The maximum angle between transmitted and scattered signal

directions is 11O deg with transmitting and receiving antennas almost touching each

other. The snow sample in the basket is inverted from its natural position and is

prevented from falling out by a woven net of waxed string or nylon fishing line. :A

major advantage of this design results from the fact that for the backscatter and

most bistatic scatter geometries the antennas are directed toward space. The

necessarv support structures are made of wood, again minimizing unwanted scatter

signals. Other advantages of the design include the ease and repeatability with

which specific scatter geometries can be configured and also transmission measure-

nents through snow be mnade.

F"igure 1. Snow Seatteromet , Sample Backscatter Mode

The transmitter and receiver antenna beams, pointing toward the axis of rota-

tion of the sample holder-, were fixed for the duration of a scan, during which the

snow sample was slowly rotated by a motor and gear drive. This resulted in a

12



ilige 0of !4i-st 5'. ig olle l ~i thle snow slabh, limite-d in tht- b~cksc, ttt' mode on one

Ond byv the length of the, inte nna 'footprint'' cxeeeding th(- lengt i of the slab. On

the othej-rid. t lie hasket was stopped sit a ica r- Yeet icA1 o ri tnt Aton, beyvond wkhich

the' Snow% slatb is InI dstnge r' of fs'IlrV ing ot.

In the bistitit, scsiter m oide (1-gu re 2). the scestt r ., ngle bot ten the tvis 5-

mitted and reevdbestus is: reduceId by %%ingirip the sippo r portion of thle boon.

.t%%iV lieun its tuicked-ii position in Vijgurii 1. heiisinimirs. tis tle scttecr anvle-

is ito, t-d .%!lien tim t rainswitt ing nh-nfl.~ ', ot pririt ir-t-hs hei . no.. si ~h in Ienvtus

inid tla- I .... iL ttenn.: ;~s -s~~ -s ~- i-- 'sijntilv froiz, 'an(

siia~5iitl~l.ti -tO thel sos'! It the sow , !. - nss1. i :, rdvr to 'hbtsin

.ise;,ful se n raing, in tht. hist.-tie- nio d,, tllin t,ttcrin! rigl rst be latruer thsri- th-,

nI1 minionLI. InI gt-eil, it is chonten I 'nouphi so that the cs Se! of equai t i%!ns

nnittt-i and recciver beam iles Is Included in the sen. I ion an itpplicstions .Se- i

point, unequa angles atre possible and thercior( of intt rest. Duiiring ,scain, the,

tnglit between the booi s-ct~ins Is constaint 'A bile the hks ket ritti-s. T his na-s sl~l

thlit tvransm itt iz .nil 1rece'iver bes tingles ch. tnge in opposite dire-ct ions with I hit[-

sLInIi Ithe scstttter rigle) held constant.

4I

Figu e 2. Sno% 1-nit-er, '.ilplc M Z~ i lo-



t I It fi t k I It t t t t L )I I I I I t k- I IJ I I I+ I IiI l-N £.+ t N ( t I. It I,£ ; , : I :

It t I II liq I+)t t 11, t 1t t tIi I h t I r I ' +t' i I It lt - I > I ; t t L itl I' l< I, I t i .+ t i .

J;N."

C : I -i :h ', l > j) I '+ t 's 1 1 tII : '1 11 11*11,1:. 1 - '

ql t, fl + 'I c c ru t , kh i tL+ I s' ) s t I' I 1)r it .' I : tt I II , p , it ; t li t ]III I t+ 0 - , 1 . : : +

Il , d i i, +~. , \ i lp " , TO '" ,. ,

I t I Iif ,I ) I t , " c m - .t l' :, , il+ . I +. w W

,,.++ +.+ : -lid+



establish a flow. Subsequently, this would lead to a concentration of water near

the surface. Measurements in the sample mode were generally confined to frozen

metamorphic snow slabs, the type that gives rise to the most severe reflections on

the ground.

In Figure 4 a simplified diagram presents the basic transmitter and receiver

building blocks and a schematic view of antenna and basket arrangement. There

are three individual transmitters mounted side by side on an adjustable board be-

tween the members of the boom. The transmitters, as is seen in Figure 5, con-

sist of microwave sources and horn antennas. They can be rotated about their

longitudinal axes, to permit transmission at vertical and horizontal polarization.

Figure 4. Scatterometer Block Diagram

Klystron oscillators (VC '10C and VR T 2123A) are used at 98 and 140 GHz. A Gunn

oscillator (VSA 9010EW) serves as the 35-GHz source. Power output at all fre-

quencies is of the order of 1 inW. The klystrons were operated at the lowest

beam voltage (1500 V) at which oscillations were reliably sustained. Sufficient

dynamic range for snow slab measurements was obtained with reduced power output.

Lower input power improved both frequency stability and reliability of the mm-wave

tubes. The transmitters are powered by separate power supplies (Figure 4) and

are on/off modulated by a common squarewave modulator at a l-kflz rate. The

transmitters use standard gain horn antennas at 35 and 98 GHz and a scalar feed

horn at 140 GHz. The footprint on the snow slab at perpendicular orientation (approxi-
mately 0. 24 m in diameter between the 3-dB points of the individual beam pattern)

15



is well contained within the slab area of 0. 56 )< 0. i6 m. Beamwidths of trans-

mitting and receiving antennas are listed in Table 1.

Figure 5. Closeup View of Transmitters

Table 1. E- and H-Plane Beamwidths of Transmitting and
Receiving Antennas

Transmitting Antenna Receiving Antenna
Frequency CaIc. 3-dB Beamwidth Calc, 3-dB Beamwidth

(GHz) OE (deg) O3
H (deg) OE (deg) OH (deg)

35 9.1 6.8 13.9 11.8

98 9.3 7.0 12.1 9.9

140 7.2 7.2 8.5 7.0

Based on microwave components available and the goal to keep the equipment

as simple as possible, a single heterodyning receiver was designed. The three
frequencies are received in a modified K a-band waveguide mixer (TRG A965 with

Schottky barrier diode) and downconverted to IF frequency by either using the local
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oscillator (L. 0. ) fundamental frequency or its third or fourth harmonic. The choice

of 98 GHz rather than the center frequency of that atmospheric transmission window

is explained by the need to tune a single local oscillator to within IF range of the

three transmitted frequencies. The relative insensitivity to frequency of the

scattering and attenuation effects observed with this equipment justifies the receiver

design. The specific Gunn oscillator used here (Varian VSA 9010EW) was found to

tune satisfactorily over a frequency range from 32. 67 to 35. 0 GHz, substantially

exceeding its specified tuning range. With 100 MHz the IF center frequency, the

following exact frequency combinations were used: (a) transmit frequency

140. 1 GHz, L. 0. Frequency 140. 0 GHz or fourth harmonic of 35. 0 GHz, (b) trans-

mit frequency 98. 1 GHz, L.O. frequency 98. 0 GHz or third harmonic of 32. 67 GHz,

and (c) transmit frequency of 35. 1 GHz, L. 0. frequency 35. 0 GHz. An intermediate

frequency bandwidth of 20 MHz generally accommodates oscillator drift associated

with temperature changes in the outdoor environment. A picture of the receiver

frontend is shown in Figure 6. The unit is mounted on an adjustable board at the

outer end of the boom extension. As a unit, the receiver frontend can be rotated

by 90 deg around its antenna-mixer axis to receive signals of either vertical or

horizontal polarization. It can also be mounted in three laterally displaced posi-

tions for proper lineup with each transmitter antenna. A standard Al-band gain

horn with an IVl/K -band transition as shown in Figure 6 is used for reception at
a

both 98 and 140 GHz. At the higher frequency the waveguide is oversized. The re-

ceiver beam pattern at 140 GHz was measured and found to agree with that calcu-

lated in Table 1. A standard K -band gain horn is used to receive the 35-Gliz signal.a
The receiver frontend consists of the antenna, mixer, L. 0. , bias supply, and

a 35-dB IF preamplifier. The remainder of the receiver, mounted on the back of

the sled, consists of components shown in the block diagram (Figure 4). Two cas-

caded balanced mixers (Z-MATCH DBM-100B) are connected as electronically

controlled variable attenuators with a range in excess of 70 dB for automatic gain

control (AGC). They are followed by another 35-dB IF amplifier. After detection,

the I-kHz squarewave modulated signal is amplified in an iP 4 15E Standing \A ave

Indicator of 15 Hz bandwidth. The rectified l-kilz output signal drives the AU;C

amplifier, whose gain curve was adjusted for near-logarithmic receiver response

over a 50-dB input signal range. The rectified l-kilz signal also drives the N -axis

of a Moseley XY-recorder. The X-axis signal is a potentiometer-derived dc voltage

proportional to the angular position of the snow basket. The tim( constant of the

receiver is essentially determined by the mechanical time constant of the X\ -re-

corder. The recording speed, that is, the speed of rotation of the equipment was

empirically set so that the recording system could trace the actual signal excursions.

17



Figure 6. Closeup View of Single Receiver Frontend

2.2 System Calibration

Attempts were made to refer the snow scatter signals to the known return from

corner reflectors or small metal plates. The, results were generally not as satis-

factory as those obtained with a flat metal plate large enough to exceed the size of

the antenna beam cross section. The similarity of this plate to an infinite plane

and the image-source concept were investigated in some detail. Signal levels were

compared between the equipment configuration in Figure 3 with the sample holder

empty and that of Figure I with a flat metal plate of 0.56 Y 0. 76 m filling the sample

holder and the boom extension swung into the 170-deg scatter angle direction. With

the plate oriented perpendicular to the line dividing the angle between the trans-

mitter and receiver directions, signal levels during system checkout agreed to

within 0. 5 dB in both cases. This was found at all frequ!encies.

A schematic view of the image-source calibration procedure is presented in

Figure 7. Two measurements are performed in sequence. First, the return from

the "infinite" metal plate at range r from the scatterometer is determined. .'orp

the purpose of illustration, the transmitter and receiver (TX/fix) are co-located.

An image transmitter TX' at twice the range r from the re.eiver leads to a powerP

level equal to that received from the plate

I' T  GT  A ET 7 1 (I
4 ji (2 rp)
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where

PT transmitted power,

GT transmit antenna gain, and

AE effective receiving aperture.

TX/RX TX/RX

PE 0.

KMETAL PLATE Figure 7. Image Source

Calibration Method
A

\rp /SNOW SLAB

TX"

It is assumed here that the reflecting plane is perpendicular to the beam direction

as indicated in Figure 7. Second, the return from snow is determined. With the

antenna beams directed at an angle 0 (grazing angle) against the snow surface, the

area A is illuminated by the transmitting antenna. For smvfl 1E OH the area A

is of elliptical shape and of size
2

17 j 'dli rA = 45e (it 2)
4 sin 90

with

JE' OH 3-dB E- and Il-plane transmit antenna beamwidths and

r range to snow surface.

The received power from the snow becomes

P P T G T Vo A A (3PR = r2) (3)

(4 7r)

where uo is the backscatter cross-section of snow per unit area.
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Note that Eq. (1) describes the one-way path loss of propagation in free space,

while Eq. (3) describes the incoherent radar return from a target of size A. Eq. (3)

is simplified from its original integral form by assuming that GT. 0, and r are

constant over the region A of integration. At extremely shallow angles 0 this may

not be a sufficiently good approximation. The backscatter coefficient 00 is obtained

by combining Eqs. (1) through (3)

Fo 2 (4)

Only the received power ratio, the range ratio, the grazing angle on the snow, and

the transmitting antenna beamwidths enter into the equation. The receiving antenna

parameters do not affect the determination of o0. The calibration metal plate was

attached to the underside of the sample holder during the reference measurement,

in order to avoid disturbing the snow sample. The minor range difference between

metal and snow surfaces was accounted for in the calculation. It is assumed that

most of the snow scatter occurs close to the surface.

Bistatic scatter coefficients are determined in a similar way. Ranges r to the

transmitter and receiver are identical by design and the same as in the backscatter

case. Two beam angles have to be considered now: 0 T between transmitted beam

and snow surface, and 8 between received beam and snow surface. Re-examining
Eqs. (1) through (4) one finds that these still hold in the bistatic case if 0 T is sub-

stituted for 0 . The beamwidths E and 0 if are transmitter beamwidths as before.

The bistatic scatter coefficient then becomes

PR 4 sin 0 T ( r.2
0 ' 0 R PRPL - r5)

The attenuation coefficient of snow may be defined from a loss measurement

when the signal passes through a layer of snow. With the equipment configured as

in Figure 3, power PR is received through the snow. Rather than making a refer-

ence measurement by removing the snow slab, the backscatter reference measure-

ment is used as in Figure I with the metal plate mounted under the basket. For

slab thickness s we define the attenuation coefficient as

L --- 10 log ( "T R) S- in dB/m . (6)

This procedure avoids the inconvenience of removing the snow slab and the danger

of breaking it in the process.
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In any of tile measurements, only one microwave parameter, the ratio

PI / 'tll of received power from tile snow to received power from a reference

target, is required. l'ransmitted power levels are of no importance and were not

determined accurately. In order to establish the ratio I' / in an individual

neasur'ement. tile data recorded by tile M -recorder were calibrated with a pre-

cision IF-' calibrator (1l' 3551) inserted after the first It, aniplifier. The a ccu r.cy

of this aittenuator was checked over a T0-d B ringe by comparison with ai c:libirated

signal fron a signal gene rator (I1' 608A). lhe deviation was less than * 0. 2 d

over the whole range. Assuming thit the first conve'islon in the i'ecelveI' IS i -

herently linear, this would also be the accur:,cy expected for the retcell ed mm 1- Iave

signal. To check this assumption, 1IIca Sueilrent eS lciV Made dii'ectlv at 35 amd

98 (iz. wheore 50-dB variable p recis ion attenuato's %%ere aveail:ble. Thc tao trvans-

mitters were placed 2 In from the receiver with tile vai'iable ttenuators contected

between the sources and tile antennas. (alibration points werc obtained by conip.,r-

ing the receiver output level aftr: (a) 1nscrtiltL a1 a 1p1, .11i ttenuation into li

nim-wave attL.wator, and (b) replacing it with the same attenuation at I. ft'equetncy.

Curves are plotted in 'igure 8 of the recorder's Y -excursion as a function of the

RL" and IF attenuator settings. Note that two different curves ; i'e shokkn for the

IF attenuator at 35 and 98 Gliz. This can be explained in the following way. l)iffer-

ences in transmitted power, antenna gain, and mixer conversion loss lead to differ-

ent output levels at the XY-recorder for 0-d|i 1F and U,' attenuation. During

calibration measurements, the recorder output was set to full-scale at either

frequency by changing tile recorder dc gain. This, in combination with the near-

log; rithniic receiver response, leads to different 1F attenuator curves in Figure ,.

Consequently, comparisons are possible only between curves taken at tile same

f req ue ney .

At 35 Gliz, any particular receiver output amplitude corresponds to Itl. and iRl

attenuator settings different by no more than 1 dli. When set to tile same value,

the ILI' attenuator produces an output lower' than the IF attenuator with the exception

of the very high attenuations. where some leakage around the RI" attenuator wa;is

noticed. In contrast, at 98 (;Ilz thle L. attenuator curve is always above the I,'

attenuator curve, with the difference at any particular receiver output amplitude

not exceeding 1 dB in the attenuation range from 0 to 30 dBi and not exceeding 3 dBi

for the remainder of the range. Because of deviations in opposite directions at

35 and 98 (;tlz, it is assumed that these are basically due to [It.' attenuator calibra-

tion error. The absolute error is in line with the 2-percent accuracy quoted for

precision 1(F attenuators. The increasing deviation at 98 1lhz in the range between

30 and 50 dB is attributed to leakage, Leakage does not affect the snow measure-

ments, since no RE calibration is performed there. System calibration at all fre-

quencies, including 140 GHz, is normally achieved by variable IF attenuation.
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IF attenuation is known with better accuracy, and the 35-(;Hz curves in Figure 8

suggest good HF to IF conversion linearity over a 50-dli range.

98 9eGHz 351 GHz
FAT"ENUATOR IF ATTENUATOR

35 1GHZ
961 G- RF ATTENUATOR

it RFATTENUATOR

2 -

0 20 40 60

ATTENUATION (d)

Figure 8. Comparison of HF and IF Calibration

2.3 Signal Characteristics

Frozen metamorphic snow that can be picked up for measurement consists of

several discernible structures. Snow/ice pellets in various stages of transition

closely packed and bonded together represent the predominant structure. Depending

on the melt-freeze cycle and on rainfalls, horizontal layers appear of varying

thickness. Sometimes the layers are of solid ice. The dielectric properties of ice
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at 0*C have been given in a survey paper by Ray. 11At 35, 98, and 140 GHz, the

real part of the refractive index is n r = 1 78. The imaginary part is n.i = 9 X 10-

4 4 1

at 35 GHz, n. = 5 X 10 - 4 at 98 GHz, and n. = 3 X 10 - 4 at 140 GHz. Frozen snow is1 1

an ice-air mixture whose dielectric properties can be computed from the fractional

volumes occupied by the constituents. In an earlier report, 12 we determined for

freshly fallen snow n 2 
= 1. 12 and for late metamorphic snow n 2 = 1. 92. lrom ther r

low imaginary component of the refractive index, it follows that any appreciable

attenuation in the medium is predominantly due to scattering. Based on a multitude

of closely packed low-loss spherical scatterers, we expect to receive a 1ayleigh-

distributed signal of random amplitude. as the snow slab rotates relative to trans-

mitter and receiver directions. To the extent that the ice layers are capable of

specular reflection, we expect at least a fraction of the received signal to shIN w

behavior similar to that signal reflected from the metal calibration plate.

A theoretical analysis for densely packed low-loss Alie scatterers does not

exist at this time. Lacking a rigorous theory, we present somewhat qualitative

models in order to explain experimentally observed signal amplitudes and fluctua-

tion rates as a function of grazing angle 0 . Consider in Figure 9(a) a bistatic

system where transmitter TX and receiver ltX with angular spacing 0 0 and range

i are connected through scatterers S1 and S 2 . Both scatterers are within the snow

slab, S at the center of rotation and S2 at a distance d from the center, where d

is chosen to be the distance to the edge of the 3-dB transmit antenna cone. At this

extreme point illuminated by the antenna and for some angular change dO of the

slab, S2 travels the greatest distance of all scatterers within the beam and hence

changes pathlength fI + k2 the most. The change in pathlength for a signal scattered

from S2 relative to the signal from S I over constant path 2f gives rise to a phase-

shift between the two components of the received signal. There may be constructive

or destructive interference. Depending on the wavelength used and other geometri-

cal parameters, an angle change dO can be calculated, required to change the phase

angle between the two phasors from 0 to 180 deg. We determine first the rate of

range change as a function of grazing angle 0 . According to the law of cosines, we

find from Figure 9(a)

2 2 21 =f + - 2 fd cos (0 + n - 00 ) and

2 12 d2
I2 

=  
+ d _ 2id cos0•

II. Rlay, P.S. (1972) Broadband complex refractive indices of ice and water,

Appl. Optics ,Il(No. 8):1836-1844.

12. Lammers, U.H.W., and Hayes, D.T. (1980) Multipath Propagation Over Snow
at Millimeter Wavelengths, In-House Rep. RADC-TU-80-54, AD A087747.
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Figure 9. Signal Path Geometries, (a) Bistatic Scatter. (b) Reflection,
(c) Attenuation

We differentiate

2)21f2 .2 2 1/2
f21+ f2= (U + d2 + 2 id cos (0-e 0  + U + d -2 id cos 0)

and obtain

1U I d sin 0 (d sin (0 - 0 0

dO 27717 2 217
(U + d -2 Id cos 0 ) (U + d + 2 Cd cos (0 - 00)

The backscatter case follows from the general bistatic case by setting 0 0 to 180 deg

M ) + 2 2 2 9d s(8)

dO Z( + d - 2 d cos 0)1/2 "

The transmission case (0 = 0 deg, transmitter and receiver on a straight line)

yields

d(1 +2 (d sinO d sin 0-T 

)1/ 
T 

-2 

)1

(f + d- 2 fd cos 0 (U2 + + 2 (d cos 0

Results calculated from Eqs. (7). (8), and (9) are plotted in Figure 10 and labeled

"Bistatic Scatter", "Backscatter", and "Attenuation (Single Scatter)", respectively.

For grazing angles 0 between 90 and 15 deg. the change in pathlength in mm/deg

of slab rotation for the signal scattered at S2 can be read from Figure 10. lor each

of the wavelengths (8. 6 mm. 3. 0 mm, and 2. 1 mm) the phase change for the signal
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scattered at S2 is calculated from this value. A rough measure is obtained of how
many signal fluctuations can be expected over the snow slab angular range of motion.

Note that only phasing between scatterers at extreme and center points has been

considered.

E
E

~BISTATIC

~SATTERUTO

2 -

o BACKSCATTER

ATTENUATION

ATTENUATION
0 ." ' - . (S.S.)

90 60 30 0

GAZING ANGLE 9(DEG)

Figure 10. Diagram to Compute Signal Phasing Rates

In the backscatter case. pathlength changes of 4. 2 mm at 0 = 90 deg and

1. 2 mm at 0 = 15 deg result from a 1-deg slab rotation. This translates into a

176-deg phase change at 8. 6 mm wavelength and a 720-deg phase change at 2. 1 mm

wavelength (both at grazing angle 0 = 90 deg). Conversely, we calculate that in

order to go from constructive to destructive interference at this slab orientation

(phase change of 180 deg) the basket must rotate 1 deg at 8. 6 mm wavelength and

0. 25 deg at 2. 1 mm wavelength. At a grazing angle 8 = 15 deg, phase changes are

about 3. 5 times less per 1-deg basket rotation. Only one curve of bistatic scatter

is shown in Figure 10. For 8 0 = 90 deg, the rate of range change as a function of

slab angle peaks at 0 = 45 deg at a level (3 mm/deg) comparable to that found for

backscatte r.

Experimental attenuation measurements on snow slabs frequently show substan -

tial and rapid phasing as a function of the grazing angle. This is not surprising ainc

scattering from low-loss dielectric sph( res should produce substantial forw;ird

scatter. The curve labeled "Attenuation (Single Scatter)" gives pha1se differenes

to be expected between signals propagating along the straight transmitter/receiver

path (0 = 0 deg) and that path including scattererS 2 at radius d. When the basket is

perpendicular to the straight line ccnnccting the transmitter and the receiver, the
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rate of change is zero. It reaches a niaxinun of 0. 25 mm / deg at around

0 = 45 deg. r.his value is much lower than the one for backscatter and does not

account for the rate of phase fluctuations actuallv observed experimentally. In

order to account for effects observed, three other interference phenomena involving

the snow slab have been investigated. In the f irst case (depicted in l- igire 4(b)

is assumed that the homogeneous plane-parallel dielectric snow slab (n r 1. 3 )

refracts and reflects the microwave signal. lnterfer,.!ce is set up beto een the

direct signal (refraction only) and the reflected signal (refraction ind reflection).

As before, a calculation of phase relationship is made. No consideration is given

to the magnitude of the reflection coefficient or the losses inside the mediuni.

According to Snell's law we write

sin (9 0 - 0 =n sin0 or c
r r r n

The path difference, which we are interested in, is

r= 2s 2-s I

Quantity r can be expressed in terms of the slab thickness s, refractive index n

and angle 0 shown in Figure 9(b)

2s (1 - cos2  Inr (10)
(1 - cos 0 In2}/2 1

Differentiation of Eq. (10) with respect to 0 yields

dr 4 4s sin os () 2s (I - cos20 /n ) sin6 cos0

n (1 - cos 0 In")T 7 "  n2 (1 - cos 0 In2)3 / 2
r r r r

This equation is also plotted in Figrre 10 and labeled "Reflection". Typicall , it

produces minimum phase change as the basket moves through th, region where the

direct signal penetrates the slab perpendicularly. \Vk see, however, that for

angles 0 near 40 deg, phasing is as rapid as for the back. eatter case. The maxi-

mum rate of range change in this area is 2.6 mm/deg.

Another mechanism conceivable to introduce rapid phase fluctuations into the

attenuation measurement is termed "Attenuation (Multiple Scatter)" in ligure 10.

We assume the existence of at least dual scattering as sketched in Figure 9(c). Here

the direct transmitter-receiver path establishes one signal phase and the path

through S1 and S2 the second one. If this propagation mode is a valid one, inspection

of Eq. (9) shows the appropriate expression
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L~ df 7 Z d sin 0 (12)

a +d 2 f d )os 0

Eq. (12) can account for rapid phasing in an attenuation measurement, actually at

half the rate observed for backscatter. This is apparent from an inspection of

Figure 10.

A last interference mechanism affecting the attenuation measurement is poss-

ible by diffraction. At low grazing angles 0 , radiation diffracted by the edge

of the basket toward the receiver may be of comparable strength to the radiation

transmitted directly through the snow slab. This is especially possible if the direct

signal has been heavily attenuated by the snow. In terms of the rate range change,

this mechanism is equal to single scatter as described in Eq. (9). The only differ-

ence lies in the distance d from the center of rotation. If d = 0. 38 m is used for

the edge of the basket rather than d = 0. 12 m for the edge of the 3-dB beam, a

curve in Figure 10 results quite similar to that labeled " Reflection'. There is a

substantial increase in the rate of range change over that for "Attenuation (Single

Scatter)". This more rapid phasing should be noticeable only when the basket edge

rotates enough to approach the edge of the transmit beam. Experimental results

in Section 4 will be compared against those shown in Figure 10.

The change in received power as a function of grazing angle is another param-
13

eter aiding in the interpretation of millimeter-wave/snow interaction. Clapp, in

an early report on terrain reflection as seen by airborne radar, discusses three

simple models: (a) diffuse reflection by the rough surface of a lossless medium,

(b) omnidirectional direct reflection from a single layer of spherical particles with

random mutual spacing, located approximately at equal height above a plane re-

flecting surface, and (c) omnidirectional reflection from the spherical particles of

multiple stacked layers as in (b). such that multiple scattering occurs. The depth

of layers is large enough to render background contributions to the backscattered

signal insignificant. The absorption factor (1 -8) as well as the spatial arrange-

ment of spheres and the grazing angle relative to the "surface" of the medium

determine the relative importance of first and higher order reflections.

Models (a) and (c) have the potential to represent granular snow quite well.

Clapp assumes in (a) an angular distribution of scattered power according to

Lambert's law. For unidirectional illumination as in the radar case, this can be

achieved by a dissipationless dielectric. Due to multiple reflections and refractions.

its reradiation characteristic is independent of the direction of the incident

13. Clapp, R.E. (1946) A Theoretical and Experimental Study of Radar Ground
Return, Rep. 1024 ad. Lab. MIT, Cambridge, Massachusetts.

27



radiation. Heradiated power density changes with the sine of grazing angle .

Since the incident power per unit surface area is also proportional to sin 0 , back-

scatter from a rough surface obeying Lambert's law is proportional to sin20 .

Model (c) is based on the assumption of a mean free pathlength between spheres

much smaller than the thickness of the medium. This is the case for typical snow

slabs. Another assumption is that of uniform reradiation from the spheres. This

may or may not be true for granular ice particles at millimeter wavelengths. For

lack of a better model it will have to be accepted here. If the spheres are lossy

(6 - 0), single reflections predominate, leading to an angular dependence of re-

flected power proportional to sin 0 . \ ith 6 - 1, second, third, and higher order

reflections contribute significantly to the backscattered power. The 0 -dependence

becomes more complex. Equations based on up to third order reflections are in-

cluded in Clapp's report. For the purpose of comparison with our experimental

data we have replotted in Figure 11 his model (a) rough surface scatter and model

(c) volume scatter including third order reflections, both for a lossless medium.

In addition, the specular reflection model for backscatter is shown in the same

figure. It is simply determined by the product of transmit and receive beam pat-

terns. Since actual 3-dB beamwidths range from 6. 8 to 13. 9 deg, the curve in

Figure II is for an average 9 deg. All three curves have been normalized to 0 dB

at perpendicular incidence (0 = 90 deg). The curve labeled "Rough Surface Scatter"

follows sin 20 exactly, while the curve labeled "Volume Scatter" drops off more

strongly with decreasing 0 than sin 0 would. This is the effect of multiple scatter-

ing. Note that the increase in scattered signal intensity in the perpendicular direc-

tion (8 = 90 deg) due to multiple reflections has been eliminated in the normaliza-

tion process.

FO 0 VOLUMVE

10- Figure 11. Angular

Dependence of lBackscattered
Power

SPECULAR ROUGH SUNFACE
SCATTER SCATTER

GRAZING ANGLE e (DEG)
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2.4 Measurement Procedurc and Locations

One area of concern in the calibration of the sample measurements is the re-

turn from the waxed string or nylon fishing line holding the snow, and from the

wooden frame of the sample holder. A series of measurements were made with

the sample holder empty but fully strung with crosswoven 5 - 5-cm netting, and

also with the sample holder empty and some or all of the strings removed. The

majority of data in this report were obtained with all strings mounte d along the

direction perpendicular to the basket axis of rotation and two each at the end of the

basket crosswise for better support of the slab (Figure 1). Measurements on the

empty holder were made for horizontal, vertical, or crossed polarization :it the

three frequencies. Returns from the netting relative to that from the horizontally

or vertically polarized return from the metal plate are listed in Table 2.

Table 2. l3ackscatter From Sample Holder

F requency (Gllz)
tPola rization 35 98 140

fllI -50 (t13 -30 dli -38 dl

VV -50 dB -26 dB -29 d1

Il\ -50 dB -50 dl -48 (ll3

Here, If stands for horizontal and V stands for vertical pola rization, with the first

letter denoting the transmitted and the second letter denoting the received polariza-

tion. In none of the snow slab measurements was the return less than -20 d. The

contribution of the netting is therefore considered insignificant.

Snow measurements during the winter of 1977/78 were closely linked to the

evolution of the equipment from the sample configuration to the in-situ confiLura-

tion. 14 Measurements during the early part of the winter were conducted At the

Prospect Hill Field Station at an elevation of 145 m above sea level. The equip-

ment was positioned on a loading platform with a major part of it inside a heated

building and only the boom extending outside. A plastic window closed the opening

and prevented a temperature change around the snow slab due to heat generated

inside the building. 'The loading platform afforded an additional I-m separation of

the test path from the ground, further reducing the possibility of unwanted reflection.

14. Hayes, D.T. , Lammers, U. H.W. , and Marr, R. A. (1981)Scattering From
Snow Background at 35, 98, and 140 GlIz, RIADC-TH (to be published.
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Snow slabs of proper size were cut from undisturbed areas in the vicinity. In

most cases slabs were placed in the sample holder and left there until completion

of the measurements. A complete set of measurements on a particular sample con-

sisted of HH, VV, and HV scans at all frequencies, including a calibration against

the metal plate before and after each scan. Sample measurements were begun

16 January 1978 and concluded 2 March 1978. During this time, data from a total

of 230 runs were collected.

3. SNOW CHARACTERIZATION

Snow deposited on the ground undergoes substantial changes while aging under

various weather conditions. Changes in the physical properties of snow cover have

a profound effect on its interaction with millimeter waves. An effort was therefore

made during the experimental program to determine in detail the relevant physical

properties of snow at or near the location where samples were removed.

3.1 Snow Development

In one aspect, the winter of 1977/78 was typical for the Boston area. The

major snowstorms took place during the months of January and February. The

winter was atypical in the cumulative amount of snow deposited and the large

amounts delivered by several storms. A total of 215 cm of snow fell in the Boston

area. This was more than double the av, rage snowfall (100 cm) expected in a single

season. On two occasions, record snowstorms occurred. The storm of 20 January

deposited 56 cm of snow. This was a record for a 24-hr period. On 6 February

the "biggest snowstorm ever" began. By the time this storm ended on 7 February.

76 cm of snow had been deposited. High winds associated with the storm, coming

at the time of full moon, resulted in severe coastal flooding and destruction. At

the conclusion of this storm an accumulated total of 180 cm had been deposited

since the first snowstorm on 26 November 1977. Deep snow in the area generally

does not last for a long time. B~oston s location on the New England coast ensures

a variability of weather (cold to warm, snow to rain) to prevent any buildup of snow

over a full season. When measured a week after the 6 February storm, the snow

depth at the Prospect Hill Field Station was 86 cm. Of this, 61 cm came from the

last storm. The remainder had been deposited during two previous storms.

Whether the Boston area is to be hit by snow, rain, or a mixture of the two de-

pends upon the track of the low pressure area which approaches from the south. If

the low tracks to the west of the city, rain is brought on southwesterly winds. If

there is a large mass of cold air hanging over Boston as the low approaches from
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from the south, the precipitation begins as snow. As the warmer air circulating

around the low displaces this colder air, the precipitation changes to sleet or

freezing rain and eventually goes over to rain. On the other hand, if the low passes

to the east of the city, precipitation in the form of snow is the result. In November,

the most probable track of a storm is to the west of Boston. As the winter pro-

gresses, the most probable path moves eastward. In January, it lies to the east

of Boston. Thus, November and December storms are more likely to produce rain

or start off as snow and end as rain. January and February storms are most like-

ly to bring only snow. Precipitation in the form of rain is not an improbable event,

even in the later winter months. However, there is usually enough snow on the

ground at this time so that not all is washed away if rain does occur.

It should be clear from the above discussion that winter weather in the Boston

area is most variable and that precipitation in the form of rain is a possibility

throughout the winter. Thus, partial melting and subsequent ref reezing due to

temperature changes from day to night and drenching by rain play an important role

in modifying the structure of the snow already deposited on the ground.

Newly fallen snow in crystalline form will begin to undergo changes almost

immediately. If the vertical temperature gradient through the snowpack is small,

water molecules tend to sublime from the sharper edges of the snow crystal where

the vapor pressure is high and condense in sections of the crystal where the radius

of curvature is low (low vapor pressure). 15This breaks up the crystalline struc-

ture of the snow. The snow crystals slowly metamorphose into small round ice

grains. The ice grains continue to undergo changes. Vapor sublimes from the

smaller ones and condenses on the larger ones. This entire process is called equi-

temperature metamorphism (ET). The rapidity of the change is proportional to the

temperature of the snowpack. It is most rapid near 00 C and almost ceases at

-40'C. When equilibrium is reached, the medium consists of grains of nearly
3

identical size, and the density of the snow is roughly 0. 6 g/ cm

If a strong temperature gradient exists in the snow, the water vapor tends to

migrate from the warmer region (near the ground) toward the colder region, where

it condenses. This is temperature gradient (TG) metamorphism. It is rarely seen

in New England.

The dominant metamorphic proct-ss affecting snow in the Boston area is the

so-called melt-freeze (lVF) metamorphism. Typically, following a midwinter storm,

high pressure settles over the area bringing in cold air. During this time, ET

metamorphism is dominant. Eventually the high passes over the region, bringing

southerly winds. The air temperature rises above freezing during the day or at

15. Perla, R. 1. , and Martinelli, M. . Jr. (1976) Avalanche Handbook, Agriculture
Handbook 489, U. S. Dept. of Agr. . Forest Service.
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least high enough that solar radiation causes appreciable melting to take place in

the upper layer of the snow. The high may be followed by a low bringing in rain.

In any case. free water appears in the upper snow layer, It filters down through

the snow, forms a liquid layer around a snow grain, and possibly connects two

grains by a liquid meniscus. At night the water refreezes. As a net result the ice

grains grow in size (up to 2 or 3 mm) and the bearing strength of the snow layer

increases. This process can take place most rapidly. Late in the season, just

one warm day with strong solar heating followed by a cold night is enough to destroyv

all vestiges of the virgin snow and produce a hard layer of ice grains.

3.2 Snow Measurement

To provide the necessary supporting data for analysis of the elect romagnetic

scattering and attenuation, selected characteristics of the snow cover were re-

corded concurrently with the electromagnetic measurements. In addition, the de-

velopmnent of the snow cover during the winter snow season was recorded in a daily

weather diary. The following snow properties were measured on a daily basis:

(1) Depth,

(2) Density.

(3) Hardness,

(4) Temperature,

(5) Stratigraphy,

(6) M'icrostructure,

(7) Surface characteristics.

The majority of these properties were determined using equipment supplied in the

U.S. Army Cold Regions Research and Engineering Laboratory (CHREL) snow

observation kit, manufactured by Geotest Instrument Corporation, Wheeling. Illinois.

With the exception of temperature, all properties were assumed to remain un-

changed during a daily test period. The snow was characterized each day before

the electromagnetic measurements were begun. The snow properties were re-

corded, and a surface sample (4 to 14 cm thick) was cut to be used in the scatterom-

eter. A trench running into an area of unperturbed snow was established. Each

day the trench was extended exposing virgin sniow.

The following measurement techniques pertain to individual snow parameters:

(1) Snow Depth

The total snow depth in the trench was recorded daily.

(2) Snow Density

Snow-sampling tubes provided in the observation kit were 6 cm in diameter.

Their volume was 500 cm 3. At least three horizontal samples were ob-

tained daily from each snow layer.
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(3) Hardness

The surface hardness was measured using a Canadian hardness gauge

supplied with the CRREL kit. This gauge consists of a push-type spring

balance with provision for mounting disks of various sizes on the end

of the push rod. In operation, the disk is pressed against the snow Sur-

face and the reading on the push rod scale is noted when the surface
2ruptures. The gauge is calibrated in g/cmi

(4) Temperature

Bimetallic thermometers (range -50 to 20*C), supplied in the CHREL, kit,

were used to obtain a temperature profile of the snow cover. At least

one reading per layer was made. For layers thicker than 10 cm, the snow

temperature was measured at about 5-cm intervals. The air temperature

was recorded at the same time.

(5) Stratigraphy

T!-e thickness of all snow layers was measured. The presence of any ice

layers and their thickness were noted.

(6) M~icrostructure

A sample of snow in each layer was examined to determine grain shape

and size distribution. Photomacrographs of the snow grains were made

with a millimeter grid in the background in order to record the grain

shape and size distribution.

(7) Surface Characteristics

The surface properties were described from visual observation. Also.

photographs of the surface were made. Data on mean surface height

variation and surface features were recorded. Types of surface features

noted were: ice layer at surface, roughness caused by windblown snow,

or snow melt-freeze cycle.

Snow data are presented in the appendix. Data are given for every day on which

electromagnetic tests were conducted. Reference will be made to these data when

discussing experimental results in Section 4.

A. EXPERIMENTAL RESULTS

No free water was detectable in any of the snow slabs used for measurement.

The air temperature never rose above 00 C during tests. The tests were always

carried out in the shade to eliminate the possibility of melting caused by direct solar
radiation. Signal strength was recorded by pen and ink plot only, with received
amplitude along the Y -axis and sample holder angular position along the X-axis.

Typical sample data are shown in Figures 12 through 15.
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4. 1 Sample Cases of Scatter anl Attenuation

It is possible to divide the sample data period into two distincti%' .-tcton .

The first group of data was collected from 16 January thr, ugh 6 February. I) r l-n

this period the w eather was quite variable. A number of snowstoris rktd ai h

warying amounts of snowfall. Each storni endtd with slet or frceiing !:tin, or tl.,-

snowstorm was followed a few days later by periods of mod, r-it, t,, i,.,vN rant. A

total of 4 1 backscatter measurements were perfor nad dou1t11 thIs pt-Lod Lncldi rig

frequencies 35, 98, and 140 (Gtiz and pola rizations \ \ ind IH .I lictr4b xt r. 26

attenuation measurements at the thret frequeoncies ard t \ V poliri/a.tton. No

bistatic scatter measurements were made.

Due to the heavy blizzard on 6/7 February, non-esscntti l trivel was restricted

statewide. Snowclogged roads leading to the test site were not cle'ared until

21 Feb ruary, on which day ineasurenients were resumed. 'l'ht second period of

sample measurements included 21 February to 2 March. The weather following

the blizzard was marked by its uniformity. The days were sunny for the must part

and the temperature rarely exceeded freezing. Only on three days did this occur:

21C on 16 February, 3'C on 17 lebruary, and I°C on 24 February. The change in

the deposited snow crystals proceeded by ET metamorphism at a very slow rate.

By the time sample measurements were resumed on 21 February, the structure of

the snow had reached a fairly stable equilibrium condition. During the course of

measurements the properties of the snow essentially did not change. The variibilitv

of the samples collected on different days could be attributed to the horizontal

inhomogeneities in the snow cover. These were caused by drifting and other factors

such as variability in solar heat loading. Some samples were collected from areas

which were continuously in the shade. A total of 71 backscatter and 53 bistatic

scatter measurements were performed during this time. In both cases data wert

obtained at 35. 98, and 140 Gllz and at ftll, V V, and Il\ polarization. Attenuation

measurements numbered 39 at the same frequencies and flit and VV polarization.

From the large set of data, three days were selected for discussion in this

section. The specific days chosen display both distinctive physical characteristics

of the snow and typical effects on the electromagnetic signals. F- igures 12 and 13

represent unprocessed data from the earlier period. They are made up of six in-

dividual measurements each. Backscatter and attenuation at vertical polarization

are shown for the three frequencies. The days chosen, Ii lanuary and 28 Janua ry,

are near the beginning and the end of the earlier period. They represent the vari-

ability of snow conditions and measured data during this tinre.

During this period two specific types of snow cover existed. On the first two

days of testing, the top 5 cm of snow consisted almost entirely of spherical sleet

particles. Data collected from a slab containing only the sleet layer are shown in
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Figure 12. Subsequent snowstorms covered the sleet layer. Periods of rain

followed which produced rapid change of the new top snow and the sleet layer.

Examination of the layers showed typical effects of MF metamorphism. The sleet

layer was perturbed by the rain to the point that it differed from the other layers

only by a higher density. As the snow continued to age, the thickness of ice layers

delineating the boundary between snow laye-s increased. The second set of back-

scatter and attenuation data (Figure 13) was collected using a 14-cm thick sample

of this type of snow.
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Figure 12. Sample tlackscatter and Attenuation )ata of
17 January 1978, (vertical polarization)

The third set is typical of data collected after the blizzard. At this time the

measurement protocol had been expanded to include both horizontally polarized and

bistatic measurements.
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Figure 13. Sample Backscatter and Attenuation Data of
28 January 1978, (vertical polarization)

Figure 14 shows original co- and cross-polarized backscatter data collected at each i

frequency on 23 February. Figure 15 displays bistatic scatter and attenuation data

collected on the same day. For approximately three weeks following the blizzard.

the weather was sunny and cold,. causing ET metamorphism. The average snow

properties present in the periods from which these sample data were chosen are

30,

compiled in Table 3. The density (0. 26 g/cm ) of the samples collected following

the blizzard did not differ much from that of the samples used in the latter part of

330

the January tests (0. 29 g/cm3), ttowever, there was a marked difference in the

bearing strength of the snow cover between that produced by the Mf metamorphism

in January and that produced by ET metamorphism following the blizzard. The

rains in January provided ample liquid water which upon freezing increased the

strength of the bonds between adjacent snow grains. This resulted in a rigid mater-

ial from which samples could be cut easily and removed without destroying the

integrity of the sample.
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Figure 14. Sample Backscatter Data of 23 February 1978,
(horizontal and cross-polarization)

During ET metamorphism, bonding between adjacent snow grains is produced

primarily by sublimation. As a result, the bonds tend to be weak. This was the

case with the snow after the blizzard. The top inch was a fairly rigid crust pro-

duced by solar melting during the day and refreezing at night. Below this the snow

was fragile. Samples could be cut but great care had to be taken so as not to break

the sample.

The data from each day will be considered in turn. The ordinate of each graph

is labeled in dB below the signal received from the metal calibration plate. The

compressed scale for lower signal levels is due to the receiver AGC characteristic.

The abscissa is marked in degrees grazing angle of the transmitted beam on the

snow surface. The grazing angle increases from 0 to 90 deg and then decreases

to 60 deg, even though the graph represents a one-directional motion of the basket,

covering an angle of 120 deg. This is done so that the grazing angle remains an

acute angle between the transmitted beam and the snow surface. The backscatter
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Figure 15. Sample Bistatic Scatter and Attenuation Data of
23 February 1978, (horizontal polarization)

return at 35 GHz from the sleet sample (Figure 12) is quite specular in nature. for

comparison purposes the return at 35 GHz from the calibration plate is shown in

Figure 16. The return from the sleet slab is about 10 dB below the peak signal

from the flat plate. This is close to the reflected power one would calculate from

a flat slab of ice. Using Stratton's 1 6 expression for the power reflection coefficient

(perpendicular incidence on lossless dielectric)

n-

r

one obtains R I I1 dB for n r = 1. 78, the value for ice given by RaY. 1

16. Stratton, J.A. (1941) Electromagnetic Theory, McGraw-Hill, New York.
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Table 3. Average Parameters of Snow Cover

Average Average
Densitv Grain Size Grain

Time Period (g/cm3 ) (mm) Shape Comments

16 January 0.53 2 Spherical Sleet
and (Firm structure)

17 January

27 January 0.29 1 Irregular Melt-Freeze Snow
to (Many bonded (Very firm

6 February together to 2, structure)
some to 4 mm)

21 February 0.26 1 Irregular Equitemp. Snow
to (Very brittle

2 March structure)

0 35GHZ

VV

20

Figure 16. Backscatter From
Flat Metal Plate at 35 GHz,

-R (vertical polarization)

0 30 60 90 60
GRAZNG N4GLE (DEGREES)

The backscattered signal at slab directions other than perpendicular exhibits

the scintillations one expects from a random collection of scatterers, in this case

the sleet particles.

At 98 and 140 GHz much less of a specular response is seen. The appearance

of the fluctuating signal is essentially unchanged at all grazing angles. At both

frequencies, the peak return at perpendicular incidence is again below that from

the flat plate by approximately 10 dB. Thus it is roughly equal to the power re-

flected from an ice slab. As the grazing angle decreases, the backscatter signal

decreases only slightly. It must be assumed that an effective backscatter mecha-

nism exists within the invididual scattering particle. Incoherent contributions from

many particles add up to a strong sum signal. Backscatter from dielectric spheres

near resonance could account for this result.

The character of the attenuation data also differs between 35 GHz and the two

higher frequencies. With the exception of grazing angles below 30 deg, no attenua-

tion was measured at 35 GlIz. The transmitted signal is independent of the angular
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position of the basket. At the two higher frequencies the transmitted signals are

strongly attenuated and modulated in a complex fashion. The modulation of the

transmitted signal at angles larger than 30 deg appears to be composed of a slowly

varying component of large amplitude with a more rapidly varying component of

lower amplitude superimposed on it. lelow 30 deg there is a change in the charac-

ter of the modulation.

A number of changes can be seen in the data (Figure 13) collected from melt-

freeze snow. First, there is no trace of a specular return at 35 GHz. Second,

the backscattered signal at lower grazing angles is higher than the return measured

from the sample containing sleet. Third, the 35-Glz signal is attenuated and

modulated upon transmission through the snow. The differences in the nature of

the 35-Gilz data collected from the two samples allow the following conclusion. In

the case of the slab containing sleet, the strong coherent specular reflection and

the strong coherent transmitted signal completely dominate any incoherent scatter-

ing caused by individual snow grains. Only for backscatter at grazing angles such

that the receiving antenna does not intercept the specularly scattered power does

one see a fluctuating signal indicative of scattering from a collection of random

scatterers.

In contrast, the sample of melt-freeze snow causes strong incoherent scatter-

ing. The coherent backward and forward propagating signals are decreased to the

point that incoherently scattered power dominates and one sees a randomly modu-

lated signal at all grazing angles. The backscatter signals at the higher frequencies

are somewhat lower than those for the corresponding sleet data. Aside from this,

the character of the backscatter signal is not changed. The transmitted signals are

different. First, they are more strongly attenuated. This is to be expected as the

slab is thicker (14 cm as opposed to the 5 cm sleet slab). Second, the modulation

frequency of the transmitted signal is higher. At 140 Gliz, the fluctuation frequency

of the transmitted signal is comparable to that of the backscattered signal. This

again may be due to the thicker slab giving more opportunity for multiple scatter-

ing. Also, individual ice particles in melt-freeze snow may be stronger scatterers.

Visual examination of the snow showed clusters of ice grains forming macrograins,

roughly spherical in shape with diameters as large as 1 cm. lerman and Battan 1 7

have calculated the backscatter cross section of ice spheres. They have shown that

the backscatter cross section (normalized to the geometrical cross section) is an

oscillatory function whose mean value increases as a function of 22ia/ (a is the

sphere radius). It reaches a n aximum of 40 at 2ra/A = 60, before decreasing

asymptotically to 0. 078 as 2na/A approaches infinity. Increased snow grain size

could produce greater backscatter and attenuation.

17. Herman, B. M., and Battan, L. J. (1961) Calculations of Mie backscattering of
microwaves from ice spheres, Quart. J. ofthe Roy. Met. Soc. 87:223-230.
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Finally, consider the unprocessed data collected on 23 February. A specular

backscatter signal is seen at 35 GHz (left-hand side of Figure 14), but it appears

weaker than that measured off the sleet sample on 17 January. The backscatter

returns determined at 98 and 140 GHz are very simila: to those from the sleet

and melt-freeze snow samples. The cross-polarized backscatter signal is shown

on the right-hand side of Figure 14. The 35-GHz cross-polarized return displays

no specular response and is always more than 35 dB below the co-polarized metal-

plate return. Compared to the co-polarized signal from the snow, the cross-

polarized signal was about 20 dB below at perpendicular orientation and about 10 dB

below at other angles. The situation is different at 98 and 140 GHz. At 98 GHz the

cross-polarized return is never more than 4 dB below the co-polarized return.

The co- and cross-polarized signals are somewhat comparable also at 140 GHz.

At both frequencies the appearance of the fluctuating signals is similar.

The bistatic return is shown on the left-hand side of Figure 15. During the

bistatic measurements, the difference between the transmit and the receive beam

directions was set to 90 deg. All bistatic data were obtained at this single constant

scatter angle. At each frequency the envelope o' the fluctuating signal has a maxi-

mum at 45 deg grazing angle and falls off to either side of this angle. At 45 deg,

we expect the maximum specularly reflected signal to occur. The drop-off is

sharpest at 35 GHz. The specular appearance at this frequency is comparable to

that in the backscatter mode. It is interesting to note that at 98 and 140 GHz the

bistatic scatter signal shows an angular dependence distinctly more influenced by

the specular mechanism than the backscatter signal. This can be qualitatively

understood in the following way. The individual scatterers in the top layer of the

snow, which is most active in scattering, have certain random excursions in height

from the average surface plane. In terms of the Rayleigh criterion the sum signal

from the individual sources will be more coherent the lower the frequency and the

lower the scattering angle. This means, for a given snow surface and frequency,

bistatic returns are more coherent as seen in Figures 14 and 15. In the extreme

case of very low scattering angles this has been demonstrated by our multipath

propagation measurements. 12

Transmission measurements through this snow at 35 Giz produced a result

intermediate to that measured through the slab of sleet and the slab of melt-freeze

snow. The slab containing sleet caused almost no modulation of the transmitted

signal, and the melt-freeze snow resulted in a transmitted signal modulated over

the entire angular range. In the case of ET metamorphic snow there is a weak in-

crease in the transmitted signal on both sides of perpendicular incidence. From a

grazing angle of 45 deg on down, the transmitted signal level decreases while super-

imposed by a gentle modulation. Below 20 deg, the modulation changes to a series
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of abrupt and deep fades. The increase in signal level at very low grazing angle

tie itoI i'rat-ttion a round the edge of' thle basket does niot show in This graph

as it did iii thle other attenuation mreasurenments at this and thle hiphe r fre -

q Uecies. T'he 98 - and 140 -G Hz plots also show notable di fferences with regard

to the earlier figures. At 981 Giiz, attenuationl is general lv lower- than in the pre -

VIOI k-,(15 caesit t ile except ion of : fe deep nulls, one ptc ci irlv located at around

70 deg graziing angle. Thre fIluctuaion 1'atI I' Orup.,'e Sioale.i h.t with ' 'rose sken to:

SlIeet t nIIId L Iet -frVC 'A e SII00 . Ellis is iii centri.st with the 140-(Gflz d,, fhev-% snowk

hligher .ttenuitiolr thazn In Figure- 12 a ith a, similar nunnber 4 fluctuaitions, but

s intila r at ntions In I- ig ore I :, it a oer nunibc rf 4 fUCtuations. It Is tapa!-

eilt tromt this iscussion of' sample eases that results ace not alas ssten1ati,. tor

at least rot eas.l xplailet InI tCe rus of snow parame(ters obse rved.

I'lhe daita colle-cted aiftcri thle hI izz/ rd constitute the Lia rgest noumber of1 caises

with onl- limited chlinges in snort chlaracteris;tics. Tlhev will be usco here for coin:-

pa Irisonls of fluctuation rates nd signal level chlange %kithr glazing a ngle ais pi eVI,)iS -

lv developed ~inthe 111odel-s. liiSed On tile appr-opriate enIW ieOf F igu-11e 10, i'alneIU

fori the rnumibe'r of hack scatter signall fInetUnat ions per deg was calc ulate~d at 35, !48,

anrd 140 (H lz ait grazing a ugles of 90, 45, aind 15 deg. lTe results aric plotted iii

F"igu re 1; as thiiret' da shetd enur'ves, each r'epresenting onec if thle three frequencies.

In the samie figurVe. thle thi'ee solid cuirves represent the eorresponding fluctuation

rates derived fronm thle nteas tired data. The mea sured values we re arrived at hv

counting the numnbe r of fluet oat ions ncc urr'ing within 5 detg of either side of' gi'azi ug

anigles of 9'0, 45, a nd 15 de'g. A Vt'rage raites were those dIerived fromt 20 data r-uns

at 35 Uiliz, 16 runs at 981 U lIz, and 14 runITS at 140 U lIz. One obse rvatiorn, whein inI-

s pecting I"igU1re 17, is a mt'a sured flunetunation ratet greater than that p r'tdicted at

all fretquencies antd at aill grazing aingles. This is pa rtie ula rlY evident ait the bit ci'

grazing a ngles where, fo r e'xamuple, the raItio of mecasunr'etd i( p redi ted rates

approaches 4 ait 140 (H iz and 15 deg. 'The miodel used to tie rivt' bat'kst'atter' flue -

ttiatiorr rates assumes single scattering. It also considers only the phase inte rfr

ence between a scatterer ait ai fixed distance d front the center oif rotation and ai

scatterer immobile ait the center of rotation. This would tend to r'ep resent the true

case ait pe rpendicula r orientation of srrow surface aind t ransmtitte r beam. %% hen the

slab tilts relative to the beam for a lower g razing angle, the edge of the 3 -tdB heart,

corresponds to a lar ge r d (thle la rge r half- axis of tihe t'lliptical antenna footprint).

At a g raz ing aingle of 15 deg, (I has inc reasetd by,, a factor of 2. 7 in this directiton.

If we further consider that the radar range-factor puts the closest portion of' the

footprint at at noticeable advantage in to mis of power received pe'r unit scatte ring

a rea, this could account for- the tiist'reparrcY between calculated aind measured filec-

tuation rates. A rirore elaborate mrodel is in order for the backscatte r case. \NLIul-

tiple scatte ring mright be a cont ributing factor', but is not requi red tt explauini tire

experinmental results. Averaging of the number of fluctuations within a 1 0-deg
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interval is a subjective procedure. It must account for part of the differences

observed.

S ] I I I
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Because Of tile more limited angular range, over which bistatic scatter data

were observable, no attempt was made to verify the model fluctuation rates in

Figure 1O. It is clear in the bistatic case that the elliptical shape of the scattering

area on snow also leads to higher fluctuation rates at low grazing angles than cal-

culated for a circular area.

It has been demonstrated by the sample cases that upon transmission through

snow, the received signal level varies in a complex manner with changing direction

of penetration. We had modeled four different mechanisms in Figure 10 which

could explain interaction of multiple signals in the transmission mode. At low

grazing angles, a signal diffracted around the outer edge of the basket compares

well with that transmitted at an oblique angle through the snow. The oblique path

through the snow is longer than the thickness of the slab. It depends on the type of

snow, thickness, and frequency at which basket angle the diffracted signal becomes

a significant portion of the total signal received. Diffraction effects must be seen

as an undesired side effect of our measurement setup. For each plot of the post-

blizzard data, a grazing angle was established below which the fluctuations were

attributed to diffraction. The number of fluctuations was counted. Average numbers
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for all attenuation plots from this period are listed in Table 4. Measured numbers

of fluctuations are those between 10 deg and the average angle of onset. Note that

this latter angle increases with frequency as can be expected. Predicted numbers

are based on an average rate of range change of 1. 9 mm/deg, estimated from Fig-

tire 10 in the diffraction region. Remember that the curve labeled "Reflection"

approximates the one for diffraction. Specific numbers in Table 4 represent

1. 9 times the deg- range of diffraction, divided by wavelength. The results sup-

port the assumption of diffracted signals.

Tiable 4. Fluctuation Characteristics of Attenuated Signal

Frequency
(Gttz) 35 98 140

Diffraction Average Angle of 22. 2 27. 3 29.4
Region Onset (deg)

Measured Number 3. 1 13. 3 18. 4
of Fluctuations

Predicted Number 2. i 11.0 18.5
of Fluctuations

30- to 90- to 60-deg Measured Number of - 15. 9 24. 0
Region Slow Fluctuations

Predicted Number of 2.7 7.8 11.8
Slow Fluctuations

30- to 90- to 60-deg Measured Number of 54.0 84. 2
Region Fast Fluctuations

Predicted Number of 20. 9 60. 0 90.0
Fast Fluctuations

The other three mechanisms, suggested for the explanation of observed fluctua-

tions, are single and multiple scattering and reflection off the snow/air interfaces.

If one mechanism were predominant, measurements should identify it byv its charac-

teristic angular dependence. Unfortunately, results do not bear this out verv wll.

If signals due to scattering and reflection reach comparable aLMplitu(hes, the angrla'

variation becomes inconclusive. In Table 4 we have therefore shown total numbers

of fluctuations over the 90-deg interval of basket rotation outside the diffraction

region. Measured data are again averages over all available plots. As it gener-

ally appeared that fluctuations could be grouped into fast and slow ones, these have

been counted separately. It is not clear that single and multiple scattering should

lead to such a distinctive distribution of fluctuation rates. For the sake of a simple

comparison, we have assumed that "Single Scatter" in the 30- to 90- to 60-deg
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region predicts an upper bound of 0. 25 mm/deg for the rate of rainge change. The

corresponding number of "Multiple Scatter" is 2. 1 mm/deg. Multiplying these

numbers by the deg-range of observation and dividing by wavelength yields the pre-

dicted numbers of slow and fast fluctuations, respectively.

Table 4 omits measured data in the 30- to 90- to 60-deg region at 35 Gliz.

Fluctuations were non-existing or too inconsistent to arrive at meaningful values

at this frequency. At 98 GHz and 140 GHz the number of observed fast fluctuations

is indeed bounded by the prediction. lowever. observed numbers of slow fluctua-

tions are higher by a factor of 2 or more than predicted. No further conclusions

will be drawn from this, since the model apparently does not match the complexity

of the real situation.

4.2 Summary of Experimental Data

While discussing the results of all scatter and attenuation measurements ob-

tained on snow samples, reference will be made to meteorological observations

and measurements of physical snow parameters or ground truth data as they are

called in reference to millimeter-wave imaging systems. These data are compiled

into tables. In the appendix, one table is given for each of the 20 days, on which

scatter and attenuation measurements were made. The data underline the struc-

tural and developmental variability of a medium which is not obvious to the casual

observer. The surface of snow cover may also vary substantially in terms of the

wavelengths of interest here. For illustration purposes, two of the slabs used in

the experiments are shown in Figures 18 and 19. The surface of a slab cut on

2 March from ET snow is almost smooth (Figure 18). In contrast. Figure 19 dis-

plays a slab with a heavily cusped surface. It was cut on 2 February and owes its

surface structure to llF metamorphism.

All data presented in this section are average peak values. Referring back to

the original data plots in Figures 12 through 15, the only practical way to manually

derive average signal levels from these plots was to average the local peaks of the

rapidly fluctuating signals. An analysis of how these average peak signals relate

to mean signal levels will be included in the forthcoming report on in-situ snow
14

scatter measurements. Bear in mind that all subsequent graphs in this report

pertaining to actually measured data represent averages of peaks.

Based on the mode of operation of the equipment (continuous measurements are

made while the basket rotates), data exist for a contiguous range of grazing angles

6. In the in-situ configuration, grazing angles had to be chosen parametrically to

limit the total number of measurements. Values for 0 selected were 90, 45. and

15 deg. The lowest angle over terrain is dictated both by system sensitivity and

the physical limits of the snow field.
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F or reIsoIIS ot cmparison betv een the two niodes of operation as well as simplified

data processing. sample data were processed aind plotted at the same three grazing

angles.

Fig ore 18. TVpical S11iooth Samliple of LqutmertoeSnow,
(edges Were intact dtirinv tests)

41. 2. 1 BACKSC All LU DA IA

Consider first the slab dlata collect ed in the period of variable weather cond -

tions, (16 RinuarYv to 2 Feb ro rv). Figuore 20 shows the( hack scatte r coeffic ierrt 0'

vs g r~iving inglte niea sored on 16 I-a ni rv. Each frequencY (3? , 9i8, fLid 140 (;H17)

is represent ed hr, ain individuoal1 curve. The Sample used to g~ihe r the'se dati w

nmle up of the top hard laYe r of the snow co\ver, 4 cni thick. This [aver confsistedl

ent i rel% of sleet deposited ait the enid of the sar wsto rio of' 1-4 inua ry. The AmInos'

perfeetlv sphericed slee(t pariticles %,airned in diaiiter fromn I to 3~ mmi the prri-Alent

size being 2 mmn. %%hen the sleet pa rficles fell. they werc cole red hr :i thin Lovern

of water. I pon deposit aind subseque-nt temupe raturec drop~ brlow freezing, the ;u iri-

e1 ls hera roe firnilY zitta ched to each other, thus fo riming ai ye r hard st iuct ii i.

Thei !,u fice easi11 supported the weight of an :idult walking ic ross it. With the
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98G~z.Figure 20. Backscatter
Coefficient From Sleet,

~ -ic.(data of 16 January 1978.
vertical polarization)
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On 17 January. the condition of the snow was essentially unchanged fromi that

of tire previous dJay. The backscatter experiment was repeated, again at ve rticail

polarization. Measurements of 00 at 45 and 15 deg were almost unchanged. At

90 deg. there was a 5-d13 spread. At 35 Gllz, u I was found to be I1I dl, hair'dlv

changed from the previous day. At 98 Gliz. a decrease by :3 dIH to 8 dIli Was Ob-

served. At 140 Gllz the change was positive by 2. 5 dB to 13. 5 d13.

On 18 January, a heavy rain/snow storm took place which deposited 5 to 8) cml

of wet, irregularly shaped ice grains on top of the existing snow cover. The rne~in

dianmete r of the grains was approximately 1 mmi. Following this, a severe -;now -

sto-nm hit on 20 January. A record snow accumulation for, a 24-hr period of 56 em)

was mie~rso red in Boston. No rain was associated with this storm which was followed

bY clear, cold (suobf reez ing) daYs. The next set of noickscatte r n1Qasa ren1ent s a e r

pe rfovined on 24 J anna rv. The ha ckscatte r coefficients mecasured on this day' a re

s hown in Figurre 21. The snow parameters of the slab used are( given in th- aippen -

dix. The Sample had been cut for- use on 1 9 January. However, it was not uised as

tests acrec stopped in med'er to modify, the' basket d rive' mecha nismn. I nt il testing

resumed on 21 Janua rv. the slab la y ho rizonta liv on ai platforem Lit the test s itte.

D~uring this time, snow from the 20 ,Ja nurraY storem was de'positedi on the Slab. A

to p Lave r foremed, 31. 5-ciro thick, awith ak titsitv oif a pp eoxiniatelv 0. 25 g / c r3'. t ier

the new snow,* a - cm layer of ii'regurrl v shaped ice g raiins of 1 to 2 m ni di;inmete r

had a densityv of 0. 38 g /cm 3. TIhi s liver had beentidepositetd in thn' ra in /sn w" stir 'or

of 18 Jainuaryv. Undere this laY a 4. 5-cm thick hiaver of the detnse (0. 53i g /c er 1Snoia

used in the tests of 16 and I ; nua rv.
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98GHz Figure 21. Backscatter
zCoefficient From Melt-Freeze

Snow, (data of 24 January 1978,
vertical polarization)
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0
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There is a marked change in the angular dependence of the backscatter coeffi-

cient especially at 35 Gfiz. At this frequency, at a grazing angle of 90 deg, 00 has

dropped by 5 d3 relative to the level of 16 January. At the shallower angles of 45

and 15 deg, the backscatter coefficient has increased by 6 and 3 d13, respectively.

The newer, less dense top snow had removed all indications of a specular nature

of the backscatter coefficient. There is a lesser change in a* at 98 and 140 GHz.

At 90 deg, the value of u0 is essentially unchanged. At 45 and 15 deg. the 98-Gliz

value has increased by approximately 3 dB. At 140 GHz, a' has ircreased by

3 dB at 15 deg but is unchanged at 45 deg.

Rain fell on 25 and 26 January, followed by sunny and cold days up to 6 Feb-

ruary when the tests were stopped due to heavy snowfall. Additional backscatter

measurements were made on 27, 28, 30, 31 January and 1, 2, 4, 6 February. The

sample slabs were cut from the upper 10 cm of snow cover and, with the exception

of a lower ice layer, consisted entirely of snow deposited in the storm of 20 January.

To determine the effect of the ice layer, some of the tests were repeated following

removal of the ice layer. No change in V was detected.

According to the tables in the appendix, the volume char:act( ristics (density,

temperature, and so on) of the snow did not vary ,,i,,,h during this period. The

rainstorms of 25 and 26 January did cause cusp-sha,,(d depressions to be formed

on the snow surface. Ait example of this phenomen" was shown in Figure 19. The

cusps were about I cm deep and about 5 cm in diameter. Some I I cusps were

counted per meter. Nonetheh,ss, the snow return did not change appreciably during

this period. This is illustrated in Figure 22. The average ou the data collected on

16 and Ii Januarv is shown as solid lines. The dashed lines are the result of
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averaging all data collected in the period from 24 January to 6 l.ebruarY. Com-

paring the dashed curves in Figure 22 with the data of 24 January in Figure 21,

one sees only small changes at each grazing angle and frequency. In contl*ast, the

differences between the solid and dashed curves in Figure 22 are more significant.

10-

40GHz A -

0 98.Gt,: - Figure 22. Average. Back-
--. ~sc:itte r ( efficient 1 rom Sle:.t.

C (-data of 16 and 17 Jainuary
..98G~ - - / 19"-1) and I.ron Alelt-I' rcez,

-35GHz4 - * Snow. ( - - - data of 24 January
_/ I-to 6 Februarv 1978), \ertical

< 35GHz Pola rizat ion

-2C "

30_ 4r, 40
GRAZNG ANGLE (DEGREES)

The test program was expanded following the blizzard of 6 February. In addi-

tion to collecting data at vertical polarization, inCas urements were niade at hori-

zontal polarization and in the cross-polarized mode. D)uring the two-week period

from the end of the storm to the resumption of the measuroments on 21 Febrkia rv ,

metamorphism proceeded p rinarily by the FT route. This is a slow Process COMi-

pared to that brought about by the heavy rain/snow storms in Janua ry. HoNwexec,

it appears that two weeks were sufficient for the process to reach :in equilibrium

state.

With the exception of a test to be discussed later, all te.ts conducted in this

period used snow samples which were 12.7 cm thick. Refe rence to thit ground truth

data (see Appendix A) shows that the top 2. 5 cm of each sample consisted of a i:t, r

of crust. This layer was produced by solar leating and melting of the snow during

the day and subsequent refreezing at night. The remaintng snow below this layer

was composed of grains produced by ET metamorphisn. The grains were only

weakly bound together, producing a fragile sample which was supported mostly by

the crustal layer. The density in these samples t0. 26 g/ei 3 ) was roughly the same

as in the samples used in January. The grain sizes were also similar.
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Data were gathered on -, days in the period from 21 F ebruariv thr'ough 2 March.

1L1ach dayv the se~quencv of sca'tte r and t ransmrission nmeasuremrents at pola rizations

V% , till, and liV started with ai diffe rent frequency. The sequence wNas then re -

peated ait the other two flreq nencies. A* single snow sample)1( W- sUsed for eaich day vs

tests. llowing the com11ple'tion of the inca sorements , . runl duiUc-atinlg the initial

one of theda %%-i rnde. The pu rposc wais to establish t hat no major chanirge inl the

samlple' properties ha id okC e r red do ring the test period. A' diffe rent flrequecyC waIs

chosen onl a rotational basis to begin the tests on diiffe renit days.

Since the properties of the samples did riot var.v much fromr day to dayN, data

gatthe red on individuail dayvs will not be conside red sepa rauely. Insteaid, like data

from each day haive been ave raged together. The aIveralge ba cksc atte r coefficient

as a function of the gratzing angle is Piresented inl Figu re 23 .or eaich f req acne vand

polaci tat ion. ('orupare the ba ckscatt c coefficienrt for citicatl pul.,ri at ion (da shed

lines in Figo rc 23) with the correCSPOnding dalta inl the Janluary ' tests Iashed lines

in Figurec 22). The 35 -(it, datai inl each figUreC show% the hatckscatte r coefficient at

90 deg as equatl. At 45 aind 15 deg. a e rage haeksicAtte r ret urnis meaisured from

the Febrma rv snow% a:tirrples at 35 U lit a re 3 to 1 d113 below% tlroac mea',sure'd from thu(

111ILaa r samlels. At 918 (;I It theL ave rage reUturn-1 flmorn the Feb ruamv. snow is

app roximiatel" :" tIill lower. at eaClm gfia Zirig aingle. 1h Flcto en at 140 (;l1z off Feb-

roary samples is 1 to 2 dli Ii ighrer than that mea sured inl JL anna rv

i 1j40GHZ ~ -~- --

zj -- -Figu re 23. Average HarLk-
- scatter Coefficient Fr omn

u 98GH Lquitempe rature S-now, (datai
A- of 21 Feb rua iv to 2 Mta rchl

1 1)78, pol a riz7,at ions 1111

35GHi

-30 45 90
GRAZING ANGLE 9 (DEGREES)

Trhe average :5-;Ilz backscatt'r coefficient at horizontal polarization exceeds

the corresponding values at vertical polarization by about 2 MI). At 98 G;Ihz, the



values of these quantities are roughly equal. The average values of the backscatter

coefficient for horizontal polarization at 140 GHz is approximately 2 dB less than

that for vertical polarization at all grazing angles. The cross-polarized back-

scatter coefficient V*HV displays an interesting behavior. At 35 Glz, G'HV is

18 dB lower than oIfll at a grazing angle of 90 deg and 12 d13 lower at 45 and

15 deg. The angular dependence of O°HH and 0°VV at 35 GHz is somewhat specular

(similar to the early sleet samples), and the small levels of the cross-polarized

component relative to the like-polarized levels are further indication of scattering

from a surface which appears smooth at the particular wavelength (35 GHz). A

dramatic change in L°H is seen as the frequency is increased. The strength of

the cross-polarized return relative to the like-polarized return goes up with fre-

quency. At 98 Gttz, the cross-polarized e° is, on the average, only 5 dB below

the like-polarized V0. At the highest frequency, 140 GfHz, the average cross-

polarized and horizontal like-polarized backscatter coefficients are almost equal.

As has already been mentioned, the snow samples used in the February tests

were covered by a 2- to 3-cm thick crust. To determine the strength of the back-

scatter from the crust relative to that from the full slab, measurer,,nts were made

in one case on the crust alone. The sample was cut to conform to the standard

thickness for this series (12. 7 cm) and the backscatter coefficient determined at

98 Gltz. Following this run, the bottom 10-cm of fragile snow was removed from

the sample, leaving only the crust in place. Then, the backscatter measurement

was repeated using the thinner sample. After this, the thin sample was used to

measure the backscatter coefficients at 35 and 140 Gliz. The results at 98 Gltz

using the original 12. 7-cm sample ,igreed to "ithin I dHi with those measured on

the thin (2. 5 cm) sample. Sincu 98 Glt Aas the onIv frequencv it which a direct

comparison was possible, at th,, othe r t wi fre(Atn its kti comparison was made

against averages of samples ',isst It , u~l ird trid, l t-g f ragic snow from

the whole period. To illustrat, it, nI r'I id " , ,,t * :, . nd a I0 ilt ob-

tained from the crust only hart he.n ,c , . i .I t, Il. r Il I lgiit 4. these %al-

ues connected by dashed lines .,r p ,tf, tt ,,: , : I, . function of the

grazing angle. The a.e rages of o' \ d . .Ml li the thicker

samples are shown in Figu re 24 h -,,lot in, -I. ,i ttll list , onipa rison

against the average of the thick-. .nip. .1 :., fit liki, that against

the single thick sample. Th,:a suggit, fh,c ,,, - i," g is not taking

place at depths beyond 2. 5 cm. .\tt'i..t I1 , it , rl l, ' nI 0. vct,' ion support

the assumption. At 35 Glz, deeper pe-netrtAn int, th, -I & !.,ist b- expected, and

the higher backscatter coefficients shirwn in I igurv 24 .,t, p.usbh. Tht.re is no

simple explanation as to Yhy the 140-G;t| results should *,hit th ,.sam, trend. This

is particularly so, since the 98-Gllz results indicate that the effect of the fragile

52



snow was small. It must be kept in mind that this was only a single case of thin

snow crust.

0 14OGHz

* £ - Figure 24. Comparison of

lBackscatter Coefficient
o Measured off Thick and

Thin Snow Slabs,

S(12. 7-cm slab -,
2.5-cm slab ---

-20

45 90
GRAZING ANGLE e (DEGREES)

The angular dependence of scattered signal intensity as a function of grazing
13

angle according to Clapp's models could shed additional light on the scattering

mechanisms of metamorphic snow. A volume-scattering medium would be dis-

tinguishableby an angular u°-dependence following a sin 0 -law. A surface-

scattering medium would display a sin2 8 -dependence on grazing angle. Specular

reflection would be indicated by an angular dependence proportional to the product

of the antenna patterns. Referring back to Figure 11, a volume-scattering nlediun

fitting Clapp's model exhibits a decrease in scattered power of 1. 8 dB between

grazing angles of 90 and 45 deg. At 15 deg, the scattered power has dropped to

7.3 dB below that for perpendicular incidence. Rough-surface scattering accwding

to Clapp's model is indicated by a signal drop-off of 2. 9 and 11.5 dl3 at the lower

grazing angles. True specular scattering measured with the average beainwidth

used in the scatterometers requires a signal reduction by 10 dH within 6 deg from

perpendicular incidence.

Theoretical curves were plotted and overlaid onto the average b;ickscitter

curves for sleet and Ml snow in Figure 22 and for ET snow in 1, igu re 23. ithe

three-point representation of angular dependence of the average backscatter coeffi-

cient did not preserve the real drop-off observed on sleet as, by way of example,

in Figure 12. There it was shown that a true specular response is indeed possible

at 35 GHz. The value of a0 at 45 deg is at least 18 dli below that for nonspecular
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scatter, ruling out the latter mechanism. We saw in the higher-frequency signals

from sleet in Figure 12 a much stronger incoherent component in the received

signal. Comparing the average levels in Figure 22 with the models, there exists

still a distinctive difference of 8 dB or more at a 45-deg grazing angle, attesting

to a strong specular component in the scattered signal. The melt-freeze snow

averages in the same figure (the dashed lines) conform in their angular dependence

much more closely to the incoherent scattering models. One may have to exempt

the 35-GHz curve from this statement, since between 90 deg and 45 deg the slope

of the curve is still steeper than expected from the model. Even though the sample

in Figure 13 does not show a distinctive "main lobe", there is on the average a

considerable contribution from a specular component at this frequency and over

this type of snow. Between 45 and 15 deg, the slope of the 35-Gllz line agrees well

with the one calculated for volume scatter. Fittir:g the model curves to the mea-

sured data at the upper two frequencies yields good agreement in the angular range

between 90 and 45 deg. That is, any indication of specular scatter is clearly ruled

out in this angular range. The differences between expected values for volume

scatter and rough-surface scatter are not significant enough to conclude which

scatter mechanism is predominant above a grazing angle of 45 deg. Below 45 deg,

and judging by the slope of the lines connecting the 15- and 45-deg points, volume

scatter is the mechanism accounting for a0 . Of course, the lowest grazing angle

considered here is not low enough to produce a really convincing result. It is well

possible that contributions from both incoherent scatter mechanisms exist with

comparable magnitude, making it again difficult to sort out one mechanism or the

other.

Figure 23, showing the results for ET snow, is not too different in angular

dependence of backscatter coefficient from Figure 22. The 35-Gthz data show a

behavior intermediate to sleet and MF snow, presumably because the crustal layer

approaches the mirror properties of the frozen sleet. At angles below 45 deg, the

line slopes down in agreement with the one postulated for volume scatter. The sani,

is true at 98 and 140 Gllz. The crossover found at 98 (lz between VV and 1l11

curves most likely is not significant. The two different slopes that occur are still

best identified with that of volume scatter. Between 45 and 90 deg, slopes mea,;ur(.d

agree with the calculation.

4. 2. 2 TRlANSMISSION DATA

In Section 4. 1 the nature of the received signal was discussed when the system

operated in the transmission mode. Transmission data will be used to obtain a

measure of snow attenuation at millimeter wavelengths. The analysis will be

limited to determining an attenuation coefficient for perpendicular incidence. vor

35 GHz, this quantit" is derived directly from the transmitted signal at perpendicular
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incidence. In the case of the 98- and 140-Gtiz data, %here the signal fluctuates

rapidly, the average peak transmitted signal was determined by averaging the

tra'smitted-signal peaks measured within 5 deg on either side of perpendicular

incidence. This corresponds to the procedure u-sed to determine the average peak

backscatter as a function of grazing angle.

All attenuation data from the period before the 6 February storm are grouped

together in Table 5, and all data collected subsequent to that day in Table 6. In

each table the date, the snow thickness, and the density are given. One column

shows the average attenuation measured at each frequency. In the last column the

attenuation coefficient expressed ir. d3 per meter is given. All measurements

shown in Table 5 were made in the vertical polarization mode. !"ollowing the

blizzird, the attenuation was iica sured in both pola rization modes and both are

shoran in Table 6. lnder field conditions it is reasonable to assume a measurenient

accuracy for attenuation no better than 2 dB. Attenuations below this level were

not used to obtain average values. A fair amount of the 35-Gtlz data fall into this

category. They are shown in parentheses.

To provide a basis for comparison, attenuation coefficients have been calcu-

lated assuming snow to be a dielectric medium composed of ice and air. .tiles
18

and Ulaby give the attenuation coefficient through snow as

8.6 t dB6 8 7c14)

with as the real part and c the imaginary part of the dielectric constant of

the mixture. In the snow multipath report 12 we derived the dielectric constant of

snow from a mixing formula cited by Cumming. 19 Stiles and Ui-bv use \iener s 2 0

mixing formula referenced by Elvans 2 1 which permits one to take internal structure

of snow into consideration. If we assume the dielectric constant of air to be unity.

Wiener's equation reduces to

(t 1) (C -F) = f (L - 1) (C + 1t,) ,(15)
5 5

18. Stiles, W. H. , and Ulaby, F. T. (1980) Microwave Remote Sensing of Snowpacks,
NASA Contr. Rep. :3263. Contr. NAS 5- 2 3i 7 7.

19. Cumming, %. A. (1952) The dielectric properties of ice and sno% at 3. 2 ctentmt-
eters, J. Appl. Phys. 23(No. 0:768-773.

20. Wiener, D. (1910) Zur Theorie der Refrakti'nskonstanten. Herichte. (Gesell-
schaft d. Wiss. zu l.cipzig. Math. -Phys. Masse, 624lift. 5):256-277.

21. Evans. S. (1965) Dielectric properties of ice and snow; a review. J. of
Glaciology, 5,773-792.
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a he re

dielectric constant of ice,

f fractional volume occupied by ice,

F form factor, ranging from zero to infinity;

F = 2 for ice spheres.

The dielectric constant of ice, a low-loss medium, approximately relates to the
11

real and imaginary component (n , n) of the refractive index given by Ray and
I' 1

quoted earlier in the report as

'2
1 , 2 n n. (16)

Biased on a forn factor F- 2, dielectric constants of snow have been calculated from

\\ tener s formula at the three frequencies for average densities measured during

the tests. Attenuation coefficients for the various snows and for plain ice wcre then

derived using Eq. (14). The results are tabulated in Table ;. A conipav'ison of

experimental data in T.bles 5 and 6 with the calculated oncs in Table 7 makes cleat

that urillinicter-w,tvc attenuation through snow which apparently involves par4 ich'

resonances is not described satisfactorily by the \Miener formula. Even when ito-

plementing tie equation with F equal to infinity, tie predicted attenuation coeffi-

cients conic nowhere near the ones nmeasured at 98 and 140 (Gliz. The same can be

said when applying the Cumming formula.

Examining Tables 5 and 6 in niore detail, one sees quite a bit of scatter in the

data. However, a number of trends are discernible. First, the attenuation coeffi-

cient measured at 35 Glz through the post-blizzard snow (Table 6, L' snow) is

intermediate to that measured through sleet and M" snow (Table 5). Second, this

does not appear to be the case at the two higher frequencies. \With the exception of

24 Februar,, the attenuation coefficients measured at 98 and 140 G lz through H'

snow are, on the whole, lower than all values obtained from sleet and MNI snow.

Third, it appears that the attenuation coefficient may depend on the slab thickness.

In the pre-blizzard tests of Table 5, the largest values of 1. were measured at 98

and 140 GIz through the sleet slab of 17 Janua ry. It was also the thinnest of all the

slabs tested during this period. At 35 Glz, the attenuation through this slab was

too small to be considered. Also, the 98- and 140-Gliz attenuation coefficients

through the 6-cm slabs seem higher on the average than those through 10 to 14-cm

slabs. This conclusion is strengthened by attenuation measurements performed on

24 February on the single 2. 5-cm crust slab vs the others during this period of

stable snow structure which had 12. 7 cm thickness. The particle size and density
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contained in the crust did not differ appreciably from those. in the underlaver. It

is not clear, if the differences in hardness between the top and lower layers suffice

to make them different in terms of quantity L.. The brittle portion was not investi-

gated separately for its attenuation coefficient.

The theory of multiple scattering in optics'- provides ai reasoning for l-

dependence on sample thickness. Consider a beam of photons incident upon a

scattering medium. As the beam propagates into the medium, photons are scat-

tered out of it resulting in attenuation of the beam. If the density of scatterers is

high enough and the medium is 'hick enough, eventually some of the photons scattered

out of the beam will be directed back in through multiple scatte ring. \%hen this is

the case, the net rate at which photons are lost out of the beam is reduced. Thus

the average attenuation coefficient measured from a sample thick enough that mul-

tiple scattering is appreciable would be smaller than that measured through a thin

slab where multiple scattering is negligible. A sketch of this behavior appears in

Figure 25. The slope of the curve reduces from its original value in proportion

to the effect that multiple scattering has as the sample thickness increases. Some

steady state may be reached when the amount of power scattered back into the beamn

is equal to that scattered out. When this condition is reached, the slope of the

curve could be due to absorption only. Conceivably, Wiener's formula is a closer

match at this point.

z Figure 25. Hypothetical
tL Attenuation Curve for

z Scattering Medium

SLAB THICKNESS

22. Ishimaru, A. (1978) Wave Propagation and Scattering in Random Media,
Vol. 2, Academic Press, New York.
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Table 7. Calculated Attenuation Coefficient of Snow Using Wiener Formula

Attenuation

Density Frequency Dielectric Constant Coeff.
Snow Condition (g/cm3 ) (GHz) E r f i (dB/m)

Equitemperature 0.26 35 1. 37 3.5 X 10_ 4  0.96
Snow 98 1.37 2.0 X 10- 4  1.56
21 Feb. - 2 March 140 1.37 1.2 X 10 - 4  1.40

Melt-Freeze 0.29 35 1.42 4.1 X 10 - 4  1.08
Snow 98 1.42 2.3 X 10 - 4  1.75
21 Jan. - 6 Feb. 140 1.42 1.4 X 10 - 4  1.55

Layered Sleet 0.40 35 1.60 6.2 X 10 - 4  1.56
and Snow 98 1.60 3.5 X 10 - 4  2.52
24 January 140 1.60 2.1 X 10 - 4  2.28

Sleet Layer 0.53 35 1.86 9.4 X 10 - 4  2.19
17 January 98 1.86 5.3 X 10-4  3.53

140 1.86 3.2 X 10 - 4  3.16

Ice 1.00 35 3.17 3.2 X 10 - 3  5.70
98 3.17 1.8 X 10 - 3  9.10

140 3.17 1.1 X 10 - 3  8.20

In line with the foregoing discussien, least-mean-square curve-fit analysis

of the attenuation data was performed. At each fi quency the pre-blizzard (melt-

freeze) and post-blizzard (equitemperature) snow were considered separately.

Linear and quadratic curve fits were made based on a subjective decision as to

which best matched the data. In the case of 35 GHz, straight-line fits proved to be

best. A parabolic fit was selected at the higher frequencies. For all data sets,

zero attenuation for zero slab thickness was included as one input data point to the

curve-fitting analysis. The results are shown in Figures 26, 27, and 28 for 35.

98, and 140 GHz, respectively.

At 35 GHz (Figure 26) two things are apparent. First, the attenuation through

melt-freeze snow exceeds by a factor of two or three that through equitemperature

snow. Second, there is larger scatter in the MF data. In the case of ET snow, the

attenuation measured for vertical and horizontal polarization have been plotted to-

gether. This assumes polarization independence of attenuation at perpendicular

incidence. Ai. average of all the data at each frequency bears this out.

For 98 Gttz (Figure 27), one sees an increase in attenuation over that for

35 GlHz. The ordinate scale has been compressed to one-half that used for the

35-GHz data. Again, the attenuation through MF snow is greater than that through

ET snow. The parabolic curve fit to the melt-freeze data is quite good and shows

a leveling-off as the slab thickness increases. On the other hand, there is a large

spread between the vertically and horizontally polarized measurements through
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Figure 26. Attenuation vs Slab Thickness at 35 GHz,
(polarizations vertical o, horizontal x)
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Figure 27. Attenuation vs Slab Thickness at 98 GIz.
(polarizations vertical o, horizontal x)

ET slabs. The curve fit to these data is correspondingly poorer. As the horizon-

tally polarized data look better, a parabola has been fitted to these points alone

(the dashed curve in Figure 27). At 140 GHz (Figure 28), the attenuation coefficient

through MF snow is again seen to be greater than through ET snow.

Attenuation coefficients taken from the slope of the straight lines at 35 Gliz and

from the initial slopes of the parabolas at 98 and 140 Glz are presented in Table 8.
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4.3 omparison %ith Other Results
14

In the report discussing the in-situ data. backscatter coefficients in the

sample and in-situ modes are compared with the results obtained by other re-

searchers. In this report, discussion will be limited to a comparison of the slab

backscatter data with the in-situ data. When operating in the sample mode it is

implied that cutting and removing the slab from the snow cover does not perturb its

scattering and attenuation properties. The 3-dB beamwidths of the three trans-

mitting antennas are narrow enough so that only a portion of the slab is illuminated.

Under this condition, the finite slab appears equal to one infinite in size. Further,

the slab must be thick enough so that the snow/air interface on its underside plays

no role in the strength of the scattered signal. The validity of these assumptions

is tested by comparing backscatter coefficients from both types of measurements.

Ideally, comparisons should be made on the same day and on the same snow. This

was impossible due to the complexity of equipment reconfiguration from one mode

to the other. Sample measurements were therefore carried out during the earlier

part of the season, in-situ measurements during the later part. Sample data gathered

in February and early March are compared here with in-situ data gathered in
14

March. Sample data represent ET snow conditions. These conditions persisted

some time into the in-situ measurement period, making the two types more

comparable. The in-situ program lasted through the remainder of the winter,

including the late diurnal melt-freeze cycles. Hence, some differences in the re-

sults may be attributable to differences in the snow. In general, the two modes of

operation produced similar output. Averages of a0 obtained in the two modes are

shown in ligures 29, 30, and 31, one figure for each frequency. The agreement

between the sample and in-situ measurements is best at 140 Gliz, with differences

ranging to no more than 3 d13. The sample data show somewhat higher levels of

O°VV thanY°HH. This is not repeated in the in-situ data and we conclude that a

polarization dependence of the like-polarized backscatter coefficient cannot be

claimcd from the available results. This fact is corroborated by what is seen at

the two lower frequencies in Figures 29 and 30. Averaging over all like-polarized

u° at 140 Gllz (Figure 31) leads to a 2. l-dB difference between 90 and 45-deg levels,

and to a 9. 6-dB difference between 90- and 15-deg levels. This matches with the

expected drop-off for incoherent scatter. Cross-polarized backscatter is significant

and within 3 dB of the like-polarized values at all angles for boti, types of measure-

me nt.
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Figure 29. Comparison of Sample and In-situ Data at 35 GHz

Almost the same good agreement is found for 98-CHz results. There is a

slight indication of a level drop between 90 and 45 deg. corresponding to a stronger

specular component. The difference between like- and cross-polarized a' is also

larger, of the order of 4 to 5 dB. The tendency of the in-situ data to exceed the

sample data is almost consistent for all types of u° and for all angles. Based on

previous reasoning, and in consideration of attenuation coefficients measured at

this frequency, we still feel that differences must be of a statistical nature as im -

plied at 140 GHz and not due to the limited depth of the slabs.

Conditions are distinctly different at 35 GHz. Here we note a characteristic

and systematic difference of 8 to 10 dB between the cross-polarized backscatter

coefficient measured on samples and on the ground. We interpret the difference

in two ways. Path attenuation through snow is low enough so that contributions

from the back side of the slab definitely contribute to the cross-polarized signal.

Due to generally greater snow depth on the ground, more scattering occurs in the

in-situ case. There is further the fact that the ground below the snow reflects the

35-GHz signal which upon reflection illuminates more snow particles for more

cross-polarized backscatter. The like-polarized data can be used to support
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Figure 30. Comparison of Sample and In-situ Data at 98 GlHz

this argument. At perpendicular incidence, the snow surface is generally smooth

enough at 35 GHz to cause a strong specular response, equal to or higher than the

noncoherent response. No substantial snow depth is required to generate this sig-

nal and correspondingly ° VV and or°ftl are comparable for the sample and in-situ

data. It is at the lower grazing angtes that the depth of the snow comes to bear ott

the strength of the like-polarized o°. The samp[e data show tile characteristiL.

specular response seen previously in this report. That is, from the very high

perpendicular return at 90 deg there is an abrupt lowering at 45 deg to in'oherent

signal levels from the slab which is not thick enough to represent infinite snow

depth at this frequency. Whether or not an average snow depth )f 30 cm found

during in-situ measurements does this is debatable. There is significantlv hiiher

like-polarized backscatter than observed on samipies. This explanation is sup-

ported, if one assumes that at lower grazing angles refleetion off the 4rotuttd hecon es

fairly effective, with the ground-eflec ted signal again producing like -polarized

backscatter off the snow Lover. In suminiarv. tt appears to be safe to conclud(e that

at 98 and 140 (;Hz the sample measurement technique represents in-situ conditi ns

quite well. At 35 (;lz, the scatter levels are lower than what can be expected for

65



f 8.g0DEG 8 -45 DEG 9 - 5DEG

'M WV 'NH 'VV 'NV 'HH w6Y 'NV '6H

-I

_20-

- 3 0 L~- - - ___

:1 rvlI (04h' sbet fmcrwv at tenua tion th rough snow cove r is con -

nate he 1it report hv Stiles and l labv. 18In addition to attenuation data they

snow produced in the laboratory. Figure 32, taken di rectly tfronm the I niye rsitv -

of -Kansas report shows the procedure of snow attenuation measurements. A con -

Iosit(e layer is f'ormied by stacking slabs from the -;now- covet to stenwise increase

the thickness of the layer. T[he results of these measurements are showni in Pigy-

ure :33. This figure has also been taken trom the Stiles and Ulabv report. 1Fan le r

it was suggested that at 35 (;f o-' ur slabs we re riot tick eniough to show a nonlinear

dependence of attenuation upon slab thickness. This is horrie out by the( Sti les and

lilabv data for dry snow. A flattening in the attenuation urve in FiL~irre 33 aippears

23. B~attles. J. WX. , and Crane, 1). F'. (1966) At(conuntion ift Ka -Baltd lnct'ic yim

Snow and( Ice, U. S. N aval Ordnance Ia TTZ3iTe p. 6370,
Corona, Californiat, A[ 6:38303.
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only when the slab thickness approaches 40 cm. During these measurements snow

was simply characterized as dry, wet. or very wet. It should be noted that the

attenuation coefficient measured by us through ET snow agrees fairly well with the

average slope before the flattening of the curve shown for dry snow in Figure 33.

, -Figure 32. Diagram
Illustrating the Stiles
and ULabv1 8 Attenuation

CRYSTA I88SWR Measurement Through
Layers of Snow at
35. 6 GHz

4GROUND LEVEL

SNOW PACK

WTE 3/23-3125/7'

0 . DRY CASE

A WET CASE
A VERY WET CASE
-REQUtENC (GHz) 356

0Figure 33. Path Loss
Measured by Stiles and

- Ulabv 1 8 as a Functior
3of Snow Thickness

o-20-

-30-
0 10 20 30 4C 50 60 70

THICKNESS OF LAYER (cm)

Currie's et al 7 
experimental arrangement consisted of two truck-mounted pulse

radars reflecting signals off a 10-in. corner reflector. The two-way attenuation

through snow was measured by placing slabs in front of the corner reflector and

measuring the radar return. A reference signal was obtained by raising the corner

reflector above the snow slab and then measuring the return. Their attenuation

data are given in Table 9. Snow properties in their report are not described in any
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greater detail than that listed in Table 9. It is therefore impossible to make a

detailed comparison of their data and ours. On the one occasion that they made

simultaneous measurements at 35 and 95 GHz, the values of the attenuation coeffi-

cient they obtain are in rough agreement with those we measured throuph MF snow.

The attenuation coefficient on 15 April at 35 C ltz seems anomalousl, high. As ac.

have seen in our data, rotation of the snow slab results in a randon iluctuation ,t

the transmitted signal. It is conceivabh that this hi;8h value is due to I riIi, al

positioning of the slab. Currie et al measured an increast- in the attei uation coef'fi-

cient at 35 GHz through wet snow but essentially no change at !5 ttz. kke id not

measure attenuation through wet snow, but as part )f our in-situ measureonts a,,

did determine the effect of snow wetness upon the backscatter coefficient. W e

found a decrease in the effect of free water upon the backscatter signa! as the fr(r-

quency increases.

7
Table 9. Loss Measurements at 35 GHz and 95 GHz by Currie et al

Snow Atten.
Frequency Thickness Snow Loss Coeff.

Date Time (G iz) Polariz. (cm) Condition (dB) (dB/m

14 April 1976 1529 95 FIBI 6.0 \Net 30 250

15 April 1976 0742 35 ItH 4. 6 Frozen 21 228
Snow
Crust

16 April 1976 0635 35 HH 5.0 Frozen 50
Snow
C rust

95 HH 5.0 Frozen 30 300
Snow
Crust

0639 35 VV 5.0 10 100

0720 35 HH 3.5 3 43

0723 35 VV 3.5 7 100

0746 35 VV 3.5 Melting 14 200
Snow
Crust

0748 35 HH 3.5 11 157

23

Battles and Crane used an interferometer to measure attenuation at 35 GlIz

through snow and ice manufactured in an environmental chamber. The (objective

of their study was to determine the effect on attenuation of the variation of snow

density at a fixed temperature. All tests were made at -25'C. Their findings are
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presented in Table 10. They claim their loss measurements are accurate to within

0. 5 dB. Their "snow" was produced by spraying a fine mist of cold water or hot

water into the cooled environmental chamber. By varying the water temperature,

pressure, and chamber temperature they were able to produce snow particles of

varying sizes. Snow particles produced in this way most closely resemble small

hail or sleet particles. The size of the particles ranged from 0. 3 mm for the fine

snow up to almost 2 mm for the large ice crystals. Samples composed of large ice

crystals are similar to the MF slabs used in our tests. In this case, the attenua-

tion coefficient (65.7 dB/m) reported by Battles and Crane is in rough agreement

with ours (average 74 dB/m). They also show the effect of increasing the density

of the snow by packing it. Scattering should decrease and consequently attenuation

should decrease. Also, if the size of the particles is small compared to the wave-

length, scattering and thus attenuation should decrease likewise. This is true for

the fine, loose snow where the ratio of particle diameter to wavelength is approxi-

mately 0. 03. The attenuation coefficient they determined through ice is four times

higher than the calculated value in Table 7. It is not known if their ice slab was

free from air bubbles which would tend to increase attenuation due to scattering

from the bubbles.

Table 10. Loss Caused by Snow and Ice at 35 GHz,
(Battles and Crane

2 3 )

Atten.
Thic kness Density% Loss Coeff.

Type (cm) (g/cm ) (d B) (dB/m)

Fine loose snow 14.0 0.20 2. 5 17.9

Locally packed loose snow 14.0 0.33 7.2 51.4

Large ice crystals 14.0 0.39 9. 2 65. 7

Packed snow 14.0 0.47 1.4 10.0

Ice 5. 1 0.92 1. 2 23.4

5. CONCLUSIONS

Metamorphic snow in the frozen state represents a medium of low-loss, dense-

ly packed particles of resonant size in the millimeter wave region. Sometimes.

depending on the process of development, internal bonds are strong enough to

approximate an ice layer of relative smoothness in terms of wavelength. It was the

purpose of this report to determine scattering and attenuation characteristics of the
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medium at the atinospheric-window tirequencies of 35. U8, and 140 (Altz. Measure -

ments were obtained on slabs of snow which could be conveniently removed from

natural snow cover. This technique is almost mandatory in order to obtain attenua-

tion data, but proved to be advantageous also in studying backscatter and bistatic

scatter phenomena. One major advantage of the experimental system developed

for the program is its ability to provide contiguous coverage in grazing angle. Care

was taken to contain the area of wave/snow interaction within the lateral extent of

the slab and to keep the scatterers within the far field of the antennas used. Snow

depth proved to be one critical parameter that could not be fullv satisfied at

35 GHz, the lowest frequency investigated. Significant contributions from snow

depths greater than the slab thickness could be expected as a comparison with simi-

lar measurements on in-situ snow reveals. Slab thickness was no problem at the

higher frequencies, 98 and 140 GHz.

Two parameters were investigated regarding their dependence on grazing angle

to aid in the interpretation of the received signal and to reveal the spatial arrange-

ment of scatterers. These were the number of fluctuations due to phasing observed

per deg slab rotation, and the drop-off in signal strength as the grazing angle re-

duces. Neither provided unambiguous evidence as to the scatter mechanisms in-

volvcd. It was found that reflection from a smooth dielectric interface, scattering

from a rough surfa ce, and scattering from a %olune of particles were aenerallv

not observable individually. The one exception, 35-ClHz scatter fron an ice-like

surtace where s necular reflection predominates at perpe.ndicular incidence, is

sonewhat in doubt because deeper snow might have resulted in a more substantial

voluimne scatter contribution. Apart from diffraction ct fects, whrich must be ,.on-

si dered edge effects on the fluctuation -rate measurenient, neithert of the three

scatter mechanisms could 1,e singled out clearly on the basis of angular changes in

the number of fluctuations observed. This is not neessarilv a detnrient burt simply

an indication of the complexity of the medium which interacts with millimeter waves

in a mixed mode. Thus, it is partially reflecting in a specular manner if snow

composition, grazing angle, and frequency are appropriate, and otherwise, the

surface layer or deeper lays are scattering incoherently, again depending on the

three parameters above. It must be noted that incoherent signal levels can he quitec

comparable to coherent ones.

In order to assess the influence of snow structture on scatterini and attenuation.

three types of metamorphic snow were identified, related to time periods of the

progressing winter season. Distinctions were made primarily in line with meteor-

ological classifications. The measured data suggest some systematic differences

in millimeter wave interaction with the three snow types specified. l-or a system

designer they might be largely unimportant. A convincing difference between
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vertical and horizontal-polarization results could not be established at any fre-

quency or any grazing angle investigated. This applies to backscatter and attenua-

tion. Cross-polarized backscatter was surprisingly high, reaching levels within

several dB of like-polarized backscatter, when the incoherent scatter mechanism

prevailed. When specular scatter dominated, the cross-polarized component was

low.

At 90 deg grazing angle, average backscatter coefficients were measured at

35, 98, and 140GHz: off sleet 11, 9, 11.5 dB, off MF snow 3, 8, 9.5 dB, off

ET snow 6, 4.5, 9 dB, off ET snow (cross-polarized) -13, -1, 7.5 dB. At 15 deg

grazing angle, average backscatter coefficients were measured at 35, 98, and 140 GHz:

off sleet -14, -6, -3 dB, off MF snow -11, -1.5, -0.5 dB, off ET snow -13, -4.5,

0. 5 dB, off ET snow (cross-polarized) -24, -9. 5, -3 dB. The attenuation coefficient

at 90 deg penetration into the slab measured at 35, 98, and 140 GHz: through

MF snow 74, 413, and 506 dB/m and through ET snow 29, 183 (318) and 495 dB/m.

7/7
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Appendix A
Snow Data

Physical parameters of the snow cover, from which snow slabs were cut, are

presented in this appendix. One combination table/diagram is given for every day

on which millimeter-wave measurements were conducted (Tables A l through A20).

The data characterize the snow at the time the slabs were cut. A standard form of

presentation has been used. The vertical scale at the center of the form gives the

hei,. c above ground. Any snow parameter indicated on the form at this height is

pe:.'ining to this particular height. The stratigraphy of the snow cover is shown by

hor-zontal lines drawn between the left edge of the form and the height scale. Most

of the column headings are self-explanatory. The "Layer" column normally con-

tains a one-word description of the layer such as hard, icy, brittle, and so on. In

the "Density" column, a tick mark is placed to show the height at which the measure-

ment was made. The air temperature, indicated by the q- symbol on the tempera-

ture plot, was obtained at a position just above the surface of the snow. Under

"Comments" is placed such information as surface hardness, weather data, data on

the history of the snow, and in some cases additional data on the stratigraphy of

the snow. The snow was completely frozen at the time the test slabs were cut. No

melting occurred during the tests. Free-water content is therefore not listed on

the form.
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MISSION
Of

Rome Air LDevetopment Cne
RAVC ptans and ex~ecuta. ke,,eo~ch, deveitopment, .tet and
Aetec-ted acquisition purogtam6 in suppoxt o6 Command, Contkt

* Commnations and InteLLigenc. (C31) activi&tie/s. Technia
and engLnee~tng Sutppott uxlthin oA!ea, o' tchrtict competence
4-s puvotded to ESV P'togtam O66icu, Ws&) and othe't ESV
eiemen-t6. The pivinciZpat tecknicat mi,,son ateas ate
communo.c.tion4, eect'wmagnetic guiZdance and cont~oe, ~swu-
veittance o6 g'toand and ae'tospace ob 'ject;6, -inte&Lic~nce data.
coitection and hand&Lng, -Zn~o 'mation sstem -teahno~ogtI,
tonospheaZc p~opagation, zolid -state sc-Zencez~, mi~c-Lowaxve

phy&Zc,6 and etectonic ue~ibitity, maintainazbiity and
* ccrnpatibiLtt.
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